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Black walnut (Juglans nigra L.) is a fine hardwood tree species native to the 
central hardwood region of the United States. High-quality black walnut timber is highly 
desirable. Traded in both regional and global markets, it has been used for veneer, and the 
manufacture of high-end products such as cabinets, furniture, and gunstocks. As a result 
of its high economic value, black walnut has been commercially cultivated for many 
years, and breeding programs have generated superior timber genotypes with improved 
marketable traits. Once elite genotypes were developed, it was quickly recognized that 
black walnut was recalcitrant to clonal propagation techniques. Current black walnut 
propagation techniques such as grafting are time and labor intensive, and are less than 
optimal for commercial clonal black walnut production. Reports on black walnut 
propagation are limited, and successful protocols were often genotype dependent and 
difficult to replicate. The inability of black walnut to predictably and reliably produce 
adventitious roots is often the greatest hurdle to successful propagation protocols. The 
objective of this research was to develop a reproducible and dependable clonal 
propagation protocol for black walnut, as well as to study the mechanisms controlling 
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adventitious root formation in black walnut. Clonal propagation systems are ideal to 
rapidly replicate elite genotypes, assist conservation efforts, and act to complement tree 
improvement programs. 
These goals were achieved using a multi-faceted approach. First, an in vitro 
propagation protocol was developed for elite black walnut genotypes 55 and 189. Nodal 
cutting explants were aseptically cultured on semi-solid Driver and Kuniyuki walnut 
(DKW) medium supplemented with 8.9 µM benzyladenine (BA), 0.005 µM indole-3-
butryic acid (IBA), 200 mg L-1 casein hydrolysate (CH), 50 mg L-1 adenine hemisulfate 
(AS), 2 ml L-1 Plant Preservative Mixture™ (PPM), and 4.1 µM meta-topolin. This 
medium resulted in the greatest shoot growth after 8 weeks for both genotypes, 1.7 and 
1.3 cm respectively. Long-term survival and proliferation of microshoots was achieved 
when nodal segments of in vitro grown shoots were cultured in liquid initiation medium 
in 3 L polycarbonate Fernbach-style flasks on a rotary shaker (100 rpm) under a 16 h 
photoperiod at 25°C. Elongated microshoots (5-7 cm in length) were rooted (40%) in a 
slurry-like medium composed of half-strength DKW medium with 0.11% (w/v) 
Phytagel™ and coarse vermiculite (2:1, v/v) supplemented with 50 µM IBA for 5 weeks. 
Rooted microshoots shoots were acclimatized to ambient culture room conditions, but did 
not survive acclimatization to the greenhouse. 
Softwood cuttings were used to improve ex vitro propagation and to develop a 
spatial and temporal timeline of the stages of adventitious root formation. Softwood 
cuttings (15-20 cm) that were collected from juvenile sources of elite genotypes, dipped 
for 60 s in 93.2 mM indole-3-butyric acid-potassium salt (K-IBA), and then inserted into 
a moist medium consisting of 3 perlite: 1 coarse vermiculite (v/v) rooted at a 72% 
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frequency. Rooted cuttings were successfully acclimatized to ambient conditions and 
continued to grow normally. To visualize anatomical changes during root formation, 
stems were fixed in formaldehyde, embedded in paraffin, serially sectioned, and stained 
on sequential days throughout root development. Anatomical analysis revealed 
adventitious root initials by day 16 and root primordia formation by day 18. Rooted 
cuttings survived acclimatization to the greenhouse, and continued to grow normally.  
Using this timeline as a reference for the when and where the stages of root 
formation were occurring, gene expression assays of genes known to participate in 
adventitious root formation were conducted. The basal end (1-3 cm) of shoots from 
juvenile and mature origin, were collected on days 0, 8, 16, and 16; and 26 from mature 
shoots after treatment with 93.3 K-IBA or deionized water (control) and immediately 
frozen in liquid nitrogen. Shoots were serially sectioned using a Cryostat microtome, and 
cortical, phloem fiber, or phloem parenchyma tissues were isolated using a laser capture 
microdissection system. RNA was extracted from the samples, and quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis was performed to characterize relative 
changes during root development. Rooting-related genes displayed a distinct, localized 
expression pattern during depending on treatment and age. These findings elucidated the 
factors contributing to the recalcitrance of adventitious root formation in this 
economically valuable hardwood species, and may contribute to the improvement of 





CHAPTER 1. LITERATURE REVIEW 
 
1.1. Biology of black walnut 
Eastern black walnut (Juglans nigra L.) is a fine hardwood integral to the Central and 
Eastern forest regions of the United States. Classified in the family Juglandaceae, J. nigra 
is one of 10 endemic North and South American Juglans species, section Rhysocaryon 
(Manning 1978). Chloroplast DNA noncoding spacer sequences, fruit morphology, 
branching form, and wood characteristics have been used to divide Juglans into four well 
accepted sections: Cardiocaryon, Trachycaron, Rhysocaryon, and Dioscaryon (syn. 
Juglans) (Dode 1909a, b; Miller 1976; Aradhya et al. 2007). Juglans nigra infrequently 
hybridizes with species in sections Cardiocaryon and Trachycaron, but will cross with 
species within Rhysocaryon and Dioscaryon. Some interspecific crosses, notably J. nigra 
x J. regia (English walnut) = J. intermedia Carr., J. nigra x J. hindsii (Northern 
California black walnut), and J. nigra x J. major (Arizona black walnut), have economic 
potential (Williams 1990; Woeste and McKenna 2004).  
In wild populations black walnut is rarely found in pure stands, and has often been 
associated with five cover types in mixed mesophytic forests: Sugar Maple (Type 27), 
Yellow-Poplar (Type 57), Yellow-Poplar-White Oak-Northern Red Oak (Type 59), 
Beech-Sugar Maple (Type 60), and Silver Maple-American Elm (Type 62) (Eyre 1980). 
These sites were defined as having moist, well-drained, loamy, deep fertile soil 
dominated by species from the genera Liriodendron, Fraxinus, Prunus, Tilia, Fagus, 
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Acer, Quercus, Carya, Ulmus, and Celtis (Williams 1990). Kentucky coffee tree, 
white ash, tulip-poplar, and basswood are some species cited as indicator species for 
habitat where black walnut would succeed.  
Black walnut is shade intolerant, and in optimum sites such as bottomlands and 
alluvial floodplains seedling root growth is rapid, and will develop both an extensive 
lateral root system and a well-defined taproot capable of growing up to 1.2 m in a single 
season. The root system of individual trees varies greatly however, being influenced by 
soil conditions such as texture and moisture availability (U.S. Department of Agriculture 
1980), and such root patterning is true for feral and cultivated walnuts. Plantation grown 
J. intermedia in a Mediterranean climate displayed two distinct root growth periods 
depending on the time of year and soil strata (Germon et al. 2016). Black walnut is only 
moderately flooding tolerant. Fine hardwoods such as black walnut also serve important 
roles in ecological habitat for wildlife, watershed filtration, forest restoration, as well as 
contaminated soil reclamation (Jacobs 2006). Within Juglandaceae, black walnut is the 
most economically valuable species, capable of growing from USDA hardiness zones 
four to nine (Dirr 1998). Mature trees on fertile sites may reach 30-46 m in height and 
183 cm in diameter at breast height (Schlesinger and Funk 1977).  
Black walnut flowers exhibit protogynous development, and are monoecious; catkins 
are small, scaly, cone-like structures preformed on previous year’s growth, while the 
female flowers develop on current years’ growth in two to eight-flowered spikes (Dirr 
1998). Pollen is widely wind dispersed, and the black walnut mating system principally 
displayed outcrossing, although selfing was possible (Rink et al. 1989; Rink et al. 1994; 
Busov et al. 2002). The fruit is hard, deeply furrowed sub-globose to globose nut (3-4 
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cm) enveloped by a fleshy, light green, indehiscent husk (3.5-8 cm) (Brinkman 1974; 
Dirr 1998). Nuts mature from September to October. Seeds are disseminated via gravity 
or more commonly zoochory, and require 90-120 days stratification (1-5°C) for 
germination to occur, with longer stratification periods resulting in higher germination 
rates; black walnut produces fewer seeds per tree than other hardwoods and good seed 
crops occur every 2-3 years after age 12 (von Althen 1971; Brinkman 1974; Williams 
1990). Germination is hypogeal, and often occurs in clearings or canopy gaps. Leaves of 
black walnut are pinnately compound, arranged alternatively, are 30-60 cm long with 9-
23 leaflets, glabrous, and the abaxial side is pubescent with pubescent glandular hairs; 
petiole and rachis also glandulously pubescent (Dirr 1998). Black walnut stems are stout, 
greyish red with distinct chambered pith, and notched lead scar lacking pubescent pad 
above scar, distinguishing it from J. cinerea (butternut) (Dirr 1998). 
 Black walnut native distribution is from Florida north to Massachusetts, and as far 
west as Texas, Oklahoma, Kansas, Nebraska, and South Dakota (Little 1971) (Fig. 1-1). 
It has been believed to have spread to its current range from a single refugium after the 
last period of glaciation. Surprisingly however, across multiple spatial scales, black 
walnut maintained a high degree of genetic homogeneity at polymorphic simple sequence 
repeats (SSR) loci, despite its silvics and biology, which would have suggested unique 
local or regional population subdivisions (Robichaud et al. 2006; Victory et al. 2006; 
Victory et al. 2008). That black walnut avoided the deleterious effects of limited genetic 
diversity in its founding population during its recolonization, and through current day, 
suggests significant outcrossing presumably through pollen mixing throughout its native 
 4 
range. Understanding the homogeneous population structure of black walnut, and 
identifying genetic diversity are necessary for conservation and improvement efforts. 
Important to black walnut biology is the production of the allelopathic phytochemical 
juglone. Found in all black walnut plant tissues, but concentrated in the leaves and nut 
husks, juglone can adversely effect competing vegetation. An end product of the 
Shikimate acid pathway, juglone is a 5-hydroxy-1,4-naphthoquinone, a monomeric 
naphthoquinone, whose metabolism has been well characterized (Thompson 1957; 
Muller and Leistner 1976; Hirakawa et al. 1986). The allelopathic effects of juglone are 
induced by its the high specificity to target and irreversibly inhibit enzymes in the 
paravulin family of peptidyl-prolyl cis/trans isomerases (PPIases) and ureases (Henning 
et al. 1998; Chao et al. 2001; Kot et al. 2010). Exposure to juglone has multiple effects, 
including germination, inhibition through root plasma membrane disruption and 
decreased water uptake (Hejl and Koster 2004), chlorophyll reduction (Terzi et al. 2003), 
and inhibition of photosynthesis, respiration, transpiration, and stomatal conductance 
(Jose and Gillespie 1998). The deleterious effects of allelopathy are species specific, with 
apple (Malus spp.), tomato (Solanum lycopersicum), and white pine (Pinus strobus) being 
some of the most sensitive (Goodell 1984; Dana and Lerner 1994). Black walnut 
phytochemicals have also been used by Native Americans for cathartic teas, emetics, 
analgesic, and insecticides (Moerman 1998).  More recently juglone has been used as a 
natural alternative to general dyes as well as for hair coloring (Gupta and Gulrajani 1993; 




1.2. Black walnut cultivation and improvement  
 Economically, black walnut is of high market value for both its wood quality and 
edible nuts. The edible kernels of black walnut, used in a variety of food products, are a 
good source of protein, fiber, and are low in saturated fats and sugars (USDA-ARS 
2015). Commercial nut production has been hindered by wild black walnut’s tendency to 
have alternate mast years, susceptibility to walnut anthracnose [Gnomonia leptostyla (Fr.) 
Ces. & De Not], and walnut curculio (Conotrachelus retentus Say). Another limitation to 
commercial walnut cultivation has been the low and variable kernel recovery rate (12-
13%) in wild black walnuts (Zarger et al. 1969). Increasing the percent kernel has 
therefore been an important trait for selection, as insect or disease pressures in orchard 
conditions can be mitigated (Reid et al. 2009). The commercial potential of black walnut 
nut production has led to significant efforts developing genotypes with improved relevant 
horticulture traits (Reid 1990; Reid et al. 2004; Coggeshall 2011a). The nut improvement 
program developed by Reid et al. (2004) has winnowed 700 recorded cultivars down to 
30-40 high value lines, and has achieved yields of over 30% kernel recovery, greatly 
improving efficiency. Facilitating breeding efforts, modern genetic tools, such as SSRs, 
have been used to characterize nut cultivar collections and map populations (Coggeshall 
and Woeste 2010; Coggeshall 2011b). In contrast to J. regia and J. regia hybrids, 
however, little is known about the heritability of relevant horticultural traits in black 
walnut (Hansche et al. 1972; Lan-Ying et al. 2009; Khorami et al. 2014; Abedi and 
Parvaneh 2016). Continued breeding efforts in combination with optimized orchard 
practices ensure the success of black walnut as a commercial nut crop in the United 
States.  
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Aside from nut production, black walnut is also commercially cultivated for its highly 
valued timber. Wood properties such as heartwood color, density, durability, 
machinability, figure, strength, and shock resistance make black walnut ideal for veneer, 
furniture, cabinetry, gunstocks, and other high-end wood products (Cassens 2004; 
Michler et al. 2007). The economical importance of black walnut has long merited its 
genetic improvement and cultivation. Many studies have been conducted to optimize 
production systems to grow black walnut for timber. As a result of its high degree of 
shade intolerance, weed competition during plantation establishment can deleteriously 
influence seedling survival, particularly on marginal sites. Long-term survival of black 
walnut in plantation settings is therefore directly linked to early seedling success. 
Studies have sought to select for genotypes that respond more positively to 
competition, but results were mixed and mechanical control was deemed to be more 
practical (Rink and Van Sambeek 1985). Another way to mitigate this drawback has been 
through providing seedlings with supplemental nitrogen during establishment to ensure 
positive growth. Such practices have been shown to prolong optimal growth (Ponder Jr 
and Baines 1988), and have been administered through interplanting with nitrogen fixing 
shrubs (Funk et al. 1979; Ponder Jr 1983), or simply applied as low dose fertilizer 
(Goodman et al. 2013). Other factors such as genotype (Rink 1984; Woeste et al. 2011), 
genotype x stock plant interaction (Van Sambeek et al. 1991), planting methods (Van 
Sambeek et al. 1987), and site selection (Williams et al. 1985) have also been shown to 
significantly influence seedling growth and establishment. Such studies that demonstrated 
a strong link between black walnut genotype and environment with regard to seedling 
height allowed for the development of best management practices for creating seed 
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orchards and clone blanks, a fundamental part of all breeding programs. Results also 
acted as guides for making positive genetic gains.  
Development of black walnut with superior timber genotypes began with the 
development of the USDA Forest Service Black Walnut Genetics Project at Carbondale, 
IL in 1965 (Funk 1966; Caraway 1976). This project sought to use genetic knowledge to 
breed superior black walnuts through understanding the heritability of advantageous 
timber traits. Studies have shown the narrow sense heritability (h2= 0.4 to 0.55) of black 
walnut height, one of the more studied traits, was suitable for rapid improvement in this 
area (Beineke 1974; Kung et al. 1974; Rink 1984; Beineke 1989; Rink and Clausen 1989; 
Rink and Kung 1995). Other traits relevant to black walnut timber improvement such as 
diameter (Beineke and Stelzer 1991; Rink and Kung 1995; Woeste 2002), form and 
morphological characteristics (Beineke 1974; Beineke and Stelzer 1991), disease 
resistance (Funk et al. 1981; Woeste and Beineke 2001), and heartwood area (Nelson 
1976; Rink 1987; Woeste 2002) have also been shown to be heritable to varying degrees. 
Conversely, wood characteristics such as figure and grain pattern have been shown to be 
only loosely controlled by genetics, and environmental factors were more important 
(McKenna et al. 2015). Understanding the heritability of economically valuable traits and 
the importance of planting site greatly aided breeding programs. Progeny tests and the 
continued planting of clonal orchards has allowed for improved black walnut timber 
selections to be developed (Victory et al. 2004; Woeste and McKenna 2004). The 
development of genetically superior black walnut has led to an increased need for clonal 
material as an alternative to unpredictable seed sources for commercial plantations and 
breeding efforts. 
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1.3. Propagation of black walnut 
As superior genotypes were developed it became necessary to establish an efficient 
means of propagation to meet demand. Clonal propagation has been employed to rapidly 
build numbers of superior genotypes, circumvent problems with variable seed production, 
maintain genetic diversity, accelerate genetic improvement programs for forestry species, 
and act as a safe guard against extirpation (Macdonald 1986; Timmis et al. 1987; Merkle 
et al. 2007; Hartmann et al. 2011). Specifically, at the University of California-Davis 
Walnut Improvement Program, micropropagation methods have been employed to 
significantly improve reproducibility of progeny testing, and increase commercial 
production of superior clones (Leslie and McGranahan 2014). Despite its high value, 
traditional techniques of clonal propagation, such as cuttings, grafting, and 
micropropagation have been suboptimal for black walnut. Beineke (1984) described 
conditions by which black walnut was grafted, but success rates remained inconsistent, 
variable, and propagation remained difficult (Coggeshall and Beineke 1997). Propagation 
of black walnut through grafting or budding is also not ideal because these require skillful 
techniques that are time and labor intensive. Graft union death as a result of disease 
(Chen et al. 2013a), scion-rootstock compatibility (Thomas et al. 2008), and the labor-
intensive grafting techniques (Lowe and Beineke 1969) can also influence success and 
survival. Field trial studies have also shown that self-rooted Juglans grew more 
vigorously compared to those of the same genotype that had been grafted (Hasey et al. 
2001; Lopez 2004), demonstrating further the short-comings of walnut grafting.  
Cutting propagation has been one alternative method to grafting that has been shown 
to be effective for Juglans species. Juglans cinerea (butternut) cuttings rooted as high as 
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87.5% when treated with 74 mM indole-3-butyric acid (IBA) (Pijut and Moore 2002; 
Pijut 2004), Juglans hindsii x J. regia cuttings rooted from 30- 80% when treated with 
24.9 to 33.1 mM indole-3-butyric acid-potassium salt (K-IBA) (Reil et al. 1998). Serr 
(1964) reported best results with hardwood cuttings of Juglans hybrids after soaking the 
basal end of the cuttings for 24 h in 1.1 mM IBA. Juglans regia rooting has been reported 
to range from 0-14.5% when IBA was used (Gautam and Chauhan 1990; Gunes 1999; 
Tajbakhsh et al. 2009), and J. hindsii (Northern California black walnut) cuttings rooted 
at 100% with an acid pre-treatment prior to application of IBA (Lee et al. 1976). 
Early work attempting to propagate black walnut through rooting softwood cuttings 
showed limited success, had variable results, often had a limited number of replicates, or 
necessitated extensive pretreatments, which made commercial production impractical. 
Farmer and Hall (1973), using 49.2 mM IBA, achieved an average of 55-62% rooting 
under intermittent mist, but cuttings required etiolation, girdling with a copper wire, and 
treatment with the fungicide Benomyl. Carpenter (1975) soaked the basal end of black 
walnut cuttings in Ethephon for 6 h, which resulted in 60-70% rooting, but these did not 
survive long-term. Again using 25-49 mM IBA, Shreve and Miles (1972) and Shreve 
(1972) achieved rooting as high as 100%, but with as few as 10 cuttings per treatment 
reproducibility was limited. Environmental conditions during rooting also influenced 
success. Black walnut rooted under intermittent mist often led to cuttings becoming 
necrotic and not surviving for the duration of the study (Farmer 1971). 
As another alternative, in vitro propagation of Juglans allows superior nut or timber 
genotypes to be rapidly multiplied for commercial applications, and is advantageous over 
more traditional means of vegetative propagation. Micropropagation protocols generally 
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progress through four distinct stages, initiation, multiplication, rooting, and 
acclimitization each with their own unique requirements. Past research has successfully 
established walnut cultures with a wide array of initial explants including: embryos 
(Heile-Sudholt et al. 1986; Penuela et al. 1987, 1988; Cornu and Jay-Allemand 1989; 
Jay-Allemand et al. 1992; Dolcet-Sanjuan et al. 2004), shoot tips (Heile-Sudholt et al. 
1986; Meynier and Arnould 1989), cotyledons (Rodriguez 1982; Ermel et al. 2000), and 
mature and juvenile nodal segments (Cummins and Ashby 1969; Driver and Kuniyuki 
1984; McGranahan et al. 1988; Saadat and Hennerty 2001; Dolcet-Sanjuan et al. 2004; 
Leslie et al. 2006; Bosela and Michler 2008). Nodal segments are often the most common 
explant for initiating cultures in that they offer the advantage of ease of collection and 
ability to surface disinfest. 
The advent of Driver-Kuniyuki medium (DKW) (Driver and Kuniyuki 1984), a 
walnut specific tissue culture formulation, allowed more routine micropropagation of J. 
regia and its hybrids. An extensive study on media formulations by Bosela and Michler 
(2008) found DKW to be superior to other medium types low in nutrient salt content for 
J. nigra shoot multiplication as well. Benzyladenine (BA) has been the most reported 
cytokinin used to promote Juglans in vitro shoot elongation at wide range of 
concentrations. The ability of BA to promote shoot elongation is a result of an 
antagonistic role with auxin and the release of apical dominance in lateral buds. Juglans 
regia (English walnut) juvenile nodal explants were successfully multiplied in vitro using 
0.44-8.9 µM BA (Chalupa 1981; Gruselle et al. 1987; McGranahan et al. 1988; Revilla et 
al. 1989; Jay-Allemand et al. 1992; Heloir et al. 1996; Saadat and Hennerty 1996; 
Vahdati et al. 2004). Using 8.9 µM BA, Pijut (1997) successfully elongated nodal 
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explants of J. cinerea from a seedling origin. BA ranging from 0-12.5 µM has been used 
to promote shoot elongation of Juglans nigra (Somers et al. 1982; Caruso 1983; Heile-
Sudholt et al. 1986; Long et al. 1995; Bosela and Michler 2008). Van Sambeek et al. 
(1997) reported, however, successfully establishing black walnut cultures supplemented 
with thidiazuron (TDZ) results in discordance with Bosela and Michler (2008), which 
found TDZ caused morphological abnormalities. Despite the development of a walnut 
specific basal medium micropropagation of black walnut remains difficult. 
Endogenous, cryptic microbiota, and prolific phenolic exudation of some black 
walnut genotypes can quickly lead to explant necrosis without regular and frequent 
subculture to fresh medium. Also, sub- or supraoptimal concentrations of cytokinins used 
during the multiplication phase have led to many deleterious effects. Abnormalities such 
as stunted growth, severe phenolic exudation, shoot hyperhydricity, fasciation, shoot tip 
necrosis, and chlorosis negatively impacted walnut microculture success (Heile-Sudholt 
et al. 1986; Revilla et al. 1989; Van Sambeek et al. 1997; Bosela and Michler 2008). 
Another significant issue associated with walnut micropropagation is the interaction 
between genotype and both phytohormone type and concentration. These factors have led 
to the inability of tissue culture advances within J. regia and its hybrids to be applied 
interspecifically to J. nigra. Highlighting these difficulties, Scaltsoyiannes et al. (1997) 
reported significant differences in shoot elongation even between half-sibling J. regia 
genotypes exposed to the same concentrations of plant growth regulators. These genotype 
specific responses also extended to differences in rootability in which rooting frequencies 
commonly ranged from 5-95% among walnut genotypes and cultivars. This phenomenon 
illustrates there is no single combination of plant growth regulators and basal medium 
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that is optimal for all Juglans, and each genotype must be evaluated to determine an 
optimum growth medium, a time consuming process. Finally, another impediment to a 
reliable clonal propagation system has been the inability of walnut to predictably form 
adventitious roots (AR).  
Numerous attempts have been made to increase adventitious rooting in Juglans with 
varying degrees of success. Exogenously applied auxin, explant source, composition of 
basal nutrient medium, light exposure, and auxin type, concentration, and duration of 
exposure have all been manipulated to improve rooting for many walnut species (Table 
1-1). The most recent advances have been with a two-step rooting protocol, whereby 
microshoots are cultured on separate root induction medium in the dark and a root 
expression medium in the light. These methods have resulted in healthier roots produced 
at higher frequencies (71-100%) for J. regia cultivars and hybrids, with IBA 
concentrations ranging from 12-50 µM (Jay-Allemand et al. 1992; Ripetti et al. 1994; 
Scaltsoyiannes et al. 1997; Navatel and Bourrain 2001; Vahdati et al. 2004; Leslie et al. 
2006; Sharifian et al. 2009; Licea-Moreno et al. 2015; Tuan et al. 2016). Leslie et al. 
(2010) improved rooting rates for J. regia cultivars by initiating rooting in the dark for 7 
days on DKW medium supplemented with 50 µM IBA before cultures were transferred to  
¼-strength DKW basal medium with vermiculite. Etiolated shoots had a higher 
occurrence of adventitious rooting. There was high variability in rooting success between 
cultivars, again demonstrating the lack of uniformity in response to in vitro conditions in 
Juglans. Studies in major tree genera have found quantitative trait loci associated with the 
ability to form AR, trait that exhibits moderate heritability (Shepherd et al. 2009; Moriya 
et al. 2015). Genetic variability for AR could explain the differences in rootability and in 
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vitro growth responses among genotypes. Improvements in rooting J. regia and walnut 
hybrids have steadily increased; unfortunately, these techniques have not been 
transferrable to J. nigra, limiting progress in black walnut propagation relative to other 
Juglans species (Table 1-1). While our knowledge of the source of variability in rooting 
remains limited, low rooting rates and high mortality during acclimatization of rooted 
plants continues to be an area of concern for successful black walnut propagation.  
1.3.1. Adventitious root formation 
Adventitious roots are defined as roots forming on any aerial portion of the plant, 
generally developing within close proximity to the vascular cambium (Esau 1977). The 
totipotency and plasticity of plant cells is integral for adventitious root development 
(ARD). Adventitious roots are important ecologically, and economically ARD is vital to 
the horticulture and forestry industries that rely on cutting propagation to replicate 
superior cultivars and genotypes. The formation of AR often follows well-documented 
stages: dedifferentiation or induction, cellular competency and initiation, and meristem 
organization and root elongation (De Klerk et al. 1999; Hartmann et al. 2011). Initiating 
and regulating ARD involves many endogenous molecular, biochemical, and 
physiological controls, as well as environmental factors; unfortunately, how these 
mechanisms interact and promote or inhibit adventitious roots is not well understood (Da 
Costa et al. 2013; Guan et al. 2015; Christiaens et al. 2016). Steffens and Rasmussen 
(2016) argued that there are three separate types of ARD: wound, nutrient deficiency, and 
flooding induced. Each type has its own unique physiology of development specific to 
the environment in which the adventitious roots are triggered. Elucidating the factors 
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controlling the ARD pathways, particularly those regulating wound induced ARD, would 
improve vegetative propagation. 
Studies aimed at tracking the stages of root formation have used histological 
techniques in conjunction with light microscopy. This method has been used to examine 
ARD in a number of woody species including oak (Quercus robur) (Vidal et al. 2003), 
chestnut (Castanea sativa) (Ballester et al. 1999), bay laurel (Laurus nobilis) (Parlak and 
Semizer-Cuming 2012), J. regia cotyledons (Rodriguez 1982; Gutmann et al. 1996; 
Duroux et al. 1997; Ermel et al. 2000) and microshoots (Altamura et al. 2000). Parker 
and Pallardy (1985) used histological techniques to characterize vascular tissues in black 
walnut stems, but only in relation to water conductance, and detailed images of stem 
anatomy were not included in their publication. While Claudot et al. (1992) observed 
differences in stem anatomy in J. nigra x J. regia hybrids between juvenile and mature 
material, no study has sought to observe ARD in black walnut. Such information would 
be valuable to improving clonal propagation. 
Ontogenetic age of the propagule and maturation are directly linked to ARD in 
woody plants. The switch, and resulting decrease in rootability, is thought to be 
controlled through epigenetic changes in DNA effecting gene expression (Poethig 2010; 
Pijut et al. 2011). Maturation of tissue is often associated with a marked drop in the 
capacity to form AR, and capacity for ARD may be lost entirely in mature tissues of 
some genotypes (Diaz-Sala et al. 1996; Greenwood et al. 2001; Vidal et al. 2003). The 
dramatic decrease in the capacity of mature tissue to generate AR is thought to be 
because of its inability to perceive exogenous applications of auxin (Blazkova et al. 
1997). Auxin perception is necessary for AR initiation (Pop et al. 2011). Vegetative 
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phase change and the resulting loss of rootability have also been linked to the influence 
of molecular mechanisms and fluctuations in auxin homeostasis (Wang et al. 2011; 
Rasmussen et al. 2015; Xu et al. 2016).  
1.3.2. Molecular controls of adventitious root formation 
Aside from a limited understanding of the anatomical changes during ARD in 
black walnut, little is also known about how gene expression patterns regulate black 
walnut rootability. Genes involved in promoting or inhibiting ARD have diverse 
functions and roles. In Arabidopsis, Gutierrez et al. (2009) identified AUXIN RESPONSE 
FACTOR (ARF) 6 and ARF8 as promoters of ARD, whereas ARF17 inhibited root 
formation. Complex interaction between ARFs is regulated in part by light and micro-
RNA (miRNA or miR) 160 and miR167 expression (Fig. 1-2). The reduction of ARD in 
ARGONAUTE1 (AGO1) mutants led to increased ARF17 expression and perturbation of 
auxin homeostasis, and may have resulted from ARF17 repression of Gretchen Hagan3 
type genes, which regulate free indole-3-acetic acid (IAA) (Sorin et al. 2005; Zhang et al. 
2011). Genes controlling auxin transport and signaling have also been shown to have 
specific roles in AR formation. Decreased PtaERF003 and ATP-binding cassette B19 
expression led to a reduction in the auxin signal cascade and auxin accumulation in 
competent tissue respectively, and these decreases resulted in ARD reduction (Sukumar 
et al. 2013; Trupiano et al. 2013). PINFORMED 1 (PIN1) and its analogues act as auxin 
efflux carriers, and coordination among PIN proteins can generate local auxin maxima 
that are thought to play a central role in ARD (Xu et al. 2005; Kitomi et al. 2008; Guan et 
al. 2015). Auxin perception in competent tissues controlled by cellular transport and 
signaling is integral during the early stages of ARD. 
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Cell dedifferentiation and meristem organization have also been shown to have 
genetic regulators. Such genes allow for changes in cell fate and reorganization of cells 
into new tissues, which are necessary for successful ARD. In rice (Oryza sativa), 
adventitious rootless1 (ARL1) was necessary for meristem initiation, and mutants could 
not be rescued with exogenous auxin application (Liu et al. 2005). This might indicate 
that ARL1 perceived auxin accumulation and triggered initiation of the ARD cascade. 
Studies have shown that ARL1 is a nuclear protein and that the promoter region of the 
ARL1 gene interacts specifically with ARFs (Inukai et al. 2005). SCARE CROW (SCR) 
and SHOOT ROOT (SHR), members of the plant-specific GIBBERELLIC-ACID 
INSENSITIVE (GAI), REPRESSOR of GAI (RGA) and SCARECROW (SCR) (GRAS) 
family of transcription factors, are important for early root meristem organization and 
maintenance. Loss of function mutants displayed a phenotype characterized by abnormal 
stele patterning and cytokinin levels. In Castanea sativa shoots capable of root initiation, 
SCR expression was localized to the cambial region, while shoots incapable of root 
formation had a more diffuse pattern of expression (Vielba et al. 2011). Across diverse 
tree lineages, SCR expression was shown to be highly auxin inducible with similar 
expression patterns (Sanchez et al. 2007), demonstrating a conserved genetic function. In 
Populus trichocarpa an AINTEGUAMENTA LIKE1 gene, also a transcription factor, was 
found to positively regulate root development in early root initiation (Rigal et al. 2012). 
Expression of all these genes was highest within the first 24 h after auxin application, 
indicating that they are likely key participants in the initial stages of ARD. 
Other genes have been identified that impact ARD in a more indirect way. AR 
formation in J. regia microshoots was increased when expression of Chalcone synthase 
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(CHS), a key enzyme in flavonoid biosynthesis, was reduced (El Euch et al. 1998; 
Cheniany et al. 2012). Genes controlling alternative oxidases and nitrate reductases have 
also been demonstrated to impact ARD (Abu-Abied et al. 2012; Macedo et al. 2012). 
These genes control secondary metabolism and nitric oxide abundance, and their 
repression led to a decrease in AR. These results implicate the role of secondary 
metabolites in influencing ARD. Finally, negative regulators of AR formation have also 
been identified, and function through cytokinin localization (Ramirez-Carvajal et al. 
2009). Such findings support the antagonistic role of cytokinins with ARD. 
A final group of molecular players regulating ARD are small and miRNAs. Small 
RNAs (sRNAs), 19 to 27 nucleotides long, are non-coding RNA molecules that regulate 
gene expression, thereby influencing plant growth and development, as well as 
attenuating abiotic and biotic stress. sRNA-directed gene expression is controlled on 
many levels, including chromatin remodeling and targeted DNA transcript degradation 
(Carrington and Ambrose 2003; Mallory and Vaucheret 2006). miRNAs are a large, 
important class of sRNAs that operate on a post-transcriptional level of gene regulation to 
establish spatial and temporal expression gradients. They function by acting as a targeting 
mechanism for the RNA-induced silencing complex (RISC), and once associated with 
RISC, miRNAs are able to recognize specific complementary sequences within 
messenger RNA transcripts and mark them for degradation (Bartel 2004; Huntzinger and 
Izaurralde 2011). The ability of miRNAs to target mRNA molecules to the RISC with 
great specificity makes them powerful regulators of gene expression 
 miRNA biosynthesis begins in the nucleus. Large primary miRNAs are 
transcribed by RNA polymerase II and then processed by Dicer Like 1 (DCL1), along 
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with other necessary proteins, to create mature miRNAs (Xie et al. 2005). These mature 
miRNAs are then exported to the cytosol where they are incorporated into the RISC. 
Insight into plant miRNA function has been gained predominantly by two approaches 
(Dugas and Bartel 2004). Decreasing target mRNAs by generating transgenic plants 
overexpressing miRNA precursors with complementary sequences creates phenotypes 
that mimic plants defective in generating those mRNA transcripts. Todesco et al. (2010) 
found that by creating artificial mRNAs that are cleavage resistant, through miRNA 
binding site mutations, they were able to recover phenotypes similar to overexpression 
mutants. Both approaches provided evidence of the post-transcriptional regulation of 
gene expression, and its impact of plant development. 
Since first reported (Park et al. 2002; Reinhart et al. 2002) miRNAs have been 
documented in many different plant species, the majority of which have been herbaceous 
agronomic crops (Sun et al. 2012). Although miRNAs have been identified in 
horticultural and forest tree species, many of their functions and targets remain unknown. 
MiRNAs that function in growth and development are highly conserved across major 
plant lineages, sharing similar structure and function, while more divergent miRNAs 
have more subtle functions and were thought to have species-specific roles (Zhang et al. 
2006). Conservation and similarity of sequences among miRNAs would assist in their 
identification in non-model species. Continued elucidation of the targets and functions of 
miRNAs would enable a more complete understanding of how they regulate gene 
expression, signaling pathways, and their role in species- or tissue-specific processes. 
 One function of miRNAs relevant to ARD is their role in plant maturation. The 
timing of phase change from juvenile to adult stages varies greatly between species, and 
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morphological changes that are a consequence of maturation can be subtle. In annual 
plants such as Arabidopsis, the juvenile period lasts only a few weeks, while in trees the 
switch to the mature stage can take years. Despite the large difference in duration of the 
juvenile stage, Wang et al. (2011) found that the miRNA mechanism that controls the 
switch was evolutionarily conserved across divergent lineages. miR156 and miR172 
target DNA transcription factors and mediate phase change in Arabidopsis (Wang et al. 
2011). These two miRNAs had distinct temporal expression patterns, miR156 was 
expressed during the juvenile period, and miR172 was expressed after the switch to the 
mature stage. In rice (Oryza sativa) similar results were also reported, and expression of 
miR156 and miR172 was found to be regulated by the gene PETER PAN SYNDROME-1 
(Tanaka et al. 2011).  
Northern blot analysis of RNA extracted from mature and juvenile leaves of five 
different woody species revealed expression patterns of miR156 and miR172 similar to 
those found in Arabidopsis (Wang et al. 2011). miR156 had the highest expression in 
juvenile leaves and miR172 expression was highest in mature tissues. miR156 was also 
found to negatively regulate SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 
(SPL), a gene necessary for phase change to occur. When miR156 was over-expressed in 
poplar, quantitative real-time polymerase chain reaction (qRT-PCR) analysis revealed 
SPL expression was severely down regulated, and the juvenile phase was extended 
(Wang et al. 2011). These results support the idea that miR156 was capable of regulating 
phase change through its target SPL, and prolonged expression of miR156 was sufficient 
to maintain the juvenile period. Also, during rejuvenation of Sequoia sempervirens 
(Coast Redwood) shoots, expression of miR156 gradually increased and miR172 
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decreased (Chen et al. 2013b), supporting known patterns of miRNA expression. 
Evidence for the role of miR156 and miR172 across diverse taxa indicates a highly 
conservative mechanism for controlling juvenile to mature phase change.  
 miRNAs have also been directly linked to controlling AR formation. You et al. 
(2013) generated an expressed sequence tag (EST) and rapid amplification of cDNA ends 
(RACE) to characterize the gene Malus domestica DOUBLE-STRAND RNA BINDING 
(MdDRM1). MdDRM1was found to influence ARD as well as tree architecture 
characteristics. A chip assay revealed that MdDRM1 interacted with dicer like1 and was 
necessary for miRNA biosynthesis. Over-expression of MdDRM1 led to a decrease in 
miR160, miR164, and miR393 abundance, allowing their target transcripts, known to 
positively regulate adventitious and lateral root formation, to increase. The decrease of 
these miRNAs led to an increase in AR in transgenic plants. In contrast, Gutierrez et al. 
(2009) found miR160 positively regulates ARD through repression of antagonistic 
ARF17 in Arabidopsis. Conflicting reports about the role of miR160 in ARD may 
indicate multiple roles for species-specific responses to miR160 abundance. 
 The plant growth regulator auxin has been well studied for its role in cell division, 
tropic responses, organogenesis, and many other developmental processes. The targets of 
auxin and other phytohormones that control stress response and plant growth are 
important targets for regulation. MiRNAs, independent of auxin, have been shown to 
tightly regulate a multitude of ARFs and dereliction of this regulation resulted in severe 
growth defects (Bartel and Bartel 2003; Mallory et al. 2005; Sana-Mishra et al. 2013). 
Stringent control over phytohormone distribution is integral for organ development and 
proper plant architecture. NAC (NAM, ATAF1/2, and CUC2) domain transcription 
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factors, also associated with auxin signal transduction, were shown to have their 
expression negatively regulated by MiRNAs. Guo et al. (2005) found that miR164 
directed cleavage of endogenous and transgenic Arabidopsis NAC1 mRNA. Gel blot 
analysis revealed that NAC1 expression was highest in roots, a pattern mirrored by 
miR164 expression. To validate these results, miR164 overexpression and miR164 
resistant NAC1 lines were created. Overexpression of miR164 resulted in a decrease in 
NAC1 mRNA and total number of lateral roots. Treatment with auxin resulted in a rapid 
increase in NAC1 mRNA fragments, and the decrease in NAC1 complete transcripts was 
preceded by a miR164 increase. These results demonstrate that miRNAs can directly 
influence lateral root development through miR164 directed cleavage of NAC1 after 
auxin stimulus. Apart from miR164, there are other examples of miRNA-mediated 
control of root architecture (Khan et al. 2011). MiRNA directly affected root growth and 
patterns and can generate spatial and temporal patterns of gene expression.  
 The role of miRNAs in woody perennials is much less understood then in 
herbaceous species. Although miRNAs have been identified in tree species, both 
angiosperms and gymnosperms (Sun et al. 2012), the targets of many miRNAs remains 
unknown. Research conducted in the woody model system Populus has shown a role for 
miRNAs in salt- and cold-stress responses (Lu et al. 2008; Jia et al. 2009); miR398 
expression in particular was upregulated during salt stress. Studies have found miRNAs 
associated with long distance signaling (Malus; Varkonyi-Gasic et al. 2010), 
carotenogenesis (Citrus spp.; Xu et al. 2010) growth rate (Larix; Zhang et al. 2012), and 
epigenetically controlled bud set (Picea; Yakovlev et al. 2010). The diversity of 
mechanisms involving miRNAs underscores the need to better understand their role in 
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regulating gene expression through identifying their targets. Enhanced knowledge of the 
regulatory network of desired traits or phenotypes could lead to more efficient tree 
breeding and propagation. 
1.3.3. Impediments to in vitro propagation 
The phenolics naturally produced by the Juglandaceae continue to be a hurdle for 
in vitro black walnut production. As a family, Juglandaceae has many phenolic 
compounds that can vary in concentration throughout the season and by cultivar, however 
all exhibit high levels of juglone (Solar et al. 2006a; Solar et al. 2006b). These phenols, 
flavanoids, and other secondary metabolites serve many purposes in black walnut. 
However, in an aseptic tissue culture environment these metabolites can impede growth 
in and many cases lead to the death of the propagule. Lethal browning caused by 
phenolics was found to be an issue in woody plant micropropagation systems such as 
Gossypium hirsutum (cotton) (Ozyigit 2008), Pistacia vera (pistachio) (Liu et al. 2007), 
and Eucalyptus smithii (Rao et al. 2008). These phenolics have been proven to be a major 
hindrance to many tissue culture systems. 
 It has become clear that plant exudates in the form of phenolics must be 
controlled if a tissue culture system for black walnut is to be successful. The potency of 
juglone and its omnipresence in black walnut tissue in particular makes this a difficult 
task. Research with juglone and soybeans (Glycine max L.) demonstrated a pronounced 
and deleterious effect on soybean growth (Bohm et al. 2010). The authors demonstrated 
that seedlings whose roots were exposed to only 5 µM juglone for 24 h produced a 
significant decrease in total length and weight of the roots compared to non-treated 
plants. Interestingly, they also found a marked increase in lignin formation in the root 
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cells. They cited this increase in lignin content as the direct result of the juglone and 
cause for the death of the soybeans. These reports suggested that juglone had a role in the 
lignification process, which has also been associated with difficulties during in vitro 
micropropagation. Future work would need to better understand the specific properties of 
juglone, and its effects in vitro. 
 In an attempt to control the phenolics exuded in vitro, researchers have tried to 
incorporate a variety of different anti-oxidants such as ascorbic acid and 
polyvinylpyrrolidone (PVP) into the culture medium. This has been proven effective in 
Quercus (Mala et al. 2000), Gossypium (Ozyigit 2008),  Pistacia (Liu et al. 2007), and 
Eucalyptus (Rao et al. 2008). While all these studies demonstrated that the addition of 
PVP to the culture medium enhanced the condition of the propagule by lowering the 
phenolic content of both the medium and propagule it self, this was not found to be the 
case in walnut where it had only marginal benefit (Fan et al. 2009). Walnut phenolic 
extracts have been shown to have strong anti-oxidant and radical oxygen scavenging 
properties similar to PVP (Almeida et al. 2008). These properties could explain why PVP 
did not reduce the effects of walnut phenolics. 
 The large number of endogenous phenolics in walnut adds to the difficulty of 
growing black walnut in vitro. A study by Escobar et al. (2008) successfully 
characterized polyphenol oxidase (PPO), which catalyzes the oxidation of phenols 
freeing these to form highly reactive quinones. PPO plays an integral role in the 
hypersensitive response pathway for many plants because it oxidizes and generates 
phenolic compounds (Escobar et al. 2008). However, in walnut it was found that PPO’s 
are generated in high numbers ubiquitously, and therefore, not thought to play a role in 
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defense response because of the high metabolic costs of maintaining such large 
concentrations (Escobar et al. 2008). Follow up research by Araji et al. (2014) instead 
suggested PPO acted integrally in secondary metabolism pathways, and indirectly 
regulated cell death in walnut. The abundance of PPO in walnut tissue combined with its 
role in programmed cell death may explain the difficulty in establishing many walnut 
genotypes into tissue culture. Changes in phenolic content during phase change can also 
influence in vitro propagation. Increased phenolic content of mature shoots compared to 
those of juvenile origin have been reported in J. regia x J. nigra hybrids (Claudot et al. 
1992), further complicating the established of cultures from mature sources. 
 Another concern for establishing black walnut in vitro is the premature 
lignification of microcuttings. Like many woody perennials, black walnut is recalcitrant 
to ARD and must rely on exogenous auxin applications to elicit a rhizogenic response. In 
many cases, however, exogenously supplied auxin fails to promote the development of 
new roots in black walnut (Shreve and Miles 1972), but instead could have unintended 
consequences. Walnut microshoots exposed to auxin rapidly lignify (Reverberi et al. 
2001; Bisbis et al. 2003). Specifically, walnut shoots that had previously not been 
exposed to auxin begin to quickly produce lignin in xylem cells when introduced to an 
auxin-supplemented root-inducing medium. This increase in lignin content in walnut in 
vitro cultures may to reduce rooting capacity. When microshoots were first introduced to 
auxin, there was a transient rise in endogenous free IAA that coincided with the start of 
lignin production. Kevers et al. (2004) found auxin preferentially promoted lignin 
production and caused wood formation rather than induce AR formation. The duel 
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response to auxin by walnut microshoots is not well understood, but limits 
micropropagation efficiency. 
 Recent studies have demonstrated the close relationship between AR formation 
and wood formation of in vitro grown walnut. This relationship is only strengthened by 
the discovery of the putative lignification effects of juglone on soybean roots (Bohm et 
al. 2010). Since it has become evident that an increase in lignification leads to a decrease 
a potential to generate AR future work must address these concerns by finding a means to 
stimulate organogenesis over the production of secondary xylem and lignin. The 
problems of lignification are of concern to developing a suitable micropropagation 
protocol for black walnut. 
 Ontogenetic age of the explants and exudation of endogenous microbiota from the 
wound site in mature nodal explants can have significant deleterious effects on culture 
establishment. The microbial biodiversity associated with walnuts is considerable. In J. 
regia, mature stem, leaf and fruit samples, 26.1% (970 individuals) of all isolates, were 
classified as endophytes (Pardatscher and Schewiegkofler 2009). Under in vitro culture 
conditions, microbiota can unexpectedly surface and hinder black walnut 
micropropagation (Cummins and Ashby 1969; Somers et al. 1982; Heile-Sudholt et al. 
1986; Van Sambeek et al. 1997). In contrast, entophytic bacteria were found to promote 
growth in Prunus avium (sweet cherry) cultures, and even enhanced rooting in difficult-
to-root genotypes (Quambusch et al. 2016). Future studies elucidating the interactions 




Table 1-1. Summary of in vitro adventitious root formation protocols for Juglans. Results reported were the best treatments for each 
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successfully 














DKW basal with 
vermiculite and 
with or without 
sucrose and 
nutrients or ex 
vitro rooting in fog 
chamber 
 






71 (average in 
vitro) 
 





































14.76 IBA 71 Not Reported (Ashrafi et al. 2009) 
J. regia** 

















Induction: 2-5 d 
in dark 
 
Expression: 21 d 
in light 
49.2 K-IBA 74 
Enhanced by ex 
vitro root 
expression  
compared to in 
vitro 

















DKW, vermiculite  
 
Induction: 10 d 
in dark at 18°C 
 
Expression: 
24°C in light 
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(Pei et al. 2007) 





























J. regia L*. 










d in dark 
 
 
10 IBA 58 
Inoculation with 
A. rhizogenes was 










































































(Vahdati et al. 
2004) 
J. regia 
cv. Serr* Microshoots 
 
Induction: Half-





talcum powder and 



















strength DKW 40 g 


























Cultures kept on 
half-strength DKW 
30 d dark 
 
 









































16h photoperiod 10 IBA 
 






Not Reported (Caboni et al. 1996) 
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J. regia Microshoots 
Induction: Kobe 9 




basal DKW with 
2.5 g L-1 Gelrite 
and vermiculite  




































DKW medium 5d 
 
Expression: 2 wks 
In vitro, 2 wks In 
vivo vermiculite: 
sand: water (2:1:1, 
v:v:v) 





24.6 IBA 80-100 
5d dark induction 
and vermiculate 





J. regia L. Microshoots 
 
Induction: In vivo 









Not Reported 0.74 IBA 76 Not Reported (Kwon et al. 1990) 




Not Reported 0.49-4.29 IBA 20-90 
80% survival with 
two stage 
acclimatization 
(Rodriguez et al. 
1989) 






































Not Reported (Penuela et al. 1988) 
J. regia L Microshoots 
 
MS with 7 g L-1 
Bacto-agar 16h photoperiod 
 
5.37 NAA dip 
for 1 min 
 
42.8 Not Reported 
 
(Penuela et al. 
1987) 
J. regia Microshoots Modified MS 1-2 weeks in dark 9.8 IBA 33 Not Reported 
(Gruselle et al. 
1987) 
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16h photoperiod 10mM 15s dip 30 Not Reported (Heile-Sudholt et al. 1986) 
 























J. hindsii x 
J. regia** Microshoots 
 
Directly stuck into 




Ambient light in 
greenhouse 5mM IBA dip 90 
 
6 wk mist 
treatment 











>50 Not Reported (Caruso 1983) 









Not Reported 40 NAA 70-72 Not Reported (Rodriguez 1982) 
 
J. nigra L. 
 
Axillary shoot 
tips In vitro MS Not Reported 
 
0.49, 4.92, and 
49.2 IBA 
0 Not Reported (Somers et al. 1982) 
J. hindsii Softwood cuttings 
Perlite:Vermiculite 
(1:1 v/v) under 
mist in greenhouse 
16h photoperiod 
20 s 15 mM K-
IBA dip 
H2SO4 wash + 






Not Reported (Lee et al. 1976) 
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Continuous dark 5.37 or 25.48 NAA 0 Not Reported 
(Cummins and 
Ashby 1969) 
* 30 g/L sucrose, 2.1 g L-1 Phytagel unless otherwise noted 
** 30 g/L sucrose. 2.1 g L-1 Gelrite 
Abbreviations: DKW (Driver and Kuniyuki walnut medium (Driver and Kuniyuki 1984)), MS (Murashige and Skoog medium (Murashige and Skoog 1962)), 
WPM (Woody plant medium (Lloyd and McCown 1981)). Indole-3-butyric acid Potassium salt (K-IBA), Indole-3-butyric acid (IBA), Indole-3 acetic acid 




























Figure 1-2. Regulatory network of Auxin Response Factor genes controlling adventitious 
root formation in Arabidopsis as influenced by microRNAs and light. Taken from 






















addition, we show that ARF6 and ARF8 expression patterns
overlap in young seedlings, as they do in flowers (Nagpal et al.,
2005), and that both are regulated by light. Nevertheless, since
ARF6 regulates ARF8 transcript abundance, we suggest that
light induction of ARF8 may be driven by ARF6. The complexity
of the interaction is emphasized by the finding that ARF6
and ARF8 have opposite effects on ARF17 transcript abun-
dance; ARF8 negatively regulates ARF17 transcript abundance,
whereas ARF6 is a positive regulator. In return, ARF17 represses
the transcript abundance of ARF6 but has no effect on that of
ARF8.
A model summarizing these probable interactions is shown in
Figure 6, but the processes are likely to be more complex than
the model indicates. In gel shift experiments we performed using
different combinations of ARF6, ARF8, and ARF17 proteins with
corresponding ARF promoter sequences, we found no evidence
of any direct binding. The promoters of ARF6, ARF8, and ARF17
contain one, one, and no consensus auxin response elements,
respectively, and one, two, and four nonconsensus ones, re-
spectively (see Supplemental Figure 5 online) that would be
required for regulation by other ARFs (Guilfoyle, 2007). The gel
shift experiments may not reflect the in vivo situation, but they
leave open the possibility that ARF6, ARF8, and ARF17 may
indirectly regulate each other’s transcription through as yet un-
known intermediate transcription factors. In addition, although
the effect of variations in ARF transcript levels is supported by
a phenotype, the transcript abundance might not necessarily
reflect the ARF protein abundance, suggesting that additional
levels of regulation might exist.
ARF7 (At5g20730) andARF19 (At1g19220), which are involved
in the regulation of both lateral and adventitious root develop-
ment (Okushima et al., 2005; Wilmoth et al., 2005), are unlikely to
be part of this network since their expression was not affected in
any of the mutant lines analyzed here (see Supplemental Figure
4B online). This suggests that these two genes are not involved in
regulatory pathways specific to adventitious root initiation but
most likely involved in independent and/or downstream regula-
tory mechanisms common to lateral and adventitious root de-
velopment.
ARF6, ARF8, and ARF17 are also regulated at the posttran-
scriptional level by the miRNAs miR167 and miR160 (Mallory
et al., 2005; Wu et al., 2006). We show here that the maintenance
of ARF6, ARF8, and ARF17 transcript homeostasis requires
additional levels of posttranscriptional regulation. More specif-
ically, we demonstrate that ARF6 positively regulates the
amounts of bothmiR160 andmiR167s at the posttranscriptional
level, ARF8 negatively regulates levels of miR167, while ARF17
negatively regulates those of its own miRNA miR160 but has a
positive effect on the levels of miR167s. In principle, any step
during the maturation process of miRNAs could be regulated.
However, the core enzymes are widely expressed and no post-
translational regulation of the proteins involved in the process
has been reported. In plants, two cases of feedback loops have
been previously reported in which the expression of miRNAs is
regulated by target genes (DCL1 and AGO1, both of which are
Figure 5. (continued).
Steady state levels of pri-miRNAs (pri-miR) ([A] and [D]) and mature miRNAs ([B] and [D]) were quantified in the hypocotyls of representative ARF
mutant or overexpressing lines etiolated and transferred to the light for 72 h, as were DCL1 and AGO1 transcripts (C). Steady state levels of HYL1,
HEN1, SE, and HST1were quantified in the same conditions (E). Gene expression values shown are relative to the expression in the wild type, for which
the value is set to 1. Error bars indicate 6 SE obtained from three independent RT-PCR experiments. A one-way ANOVA combined with the Dunnett’s
comparison test indicated that the values marked with an asterisk were significantly different from the wild-type value (P < 0.01; n = 3). All quantifications
were repeated using two additional independent biological replicates and gave similar results.
Figure 6. A Model Integrating the Regulatory Loops between ARF and
miRNA Genes i the Control of Adve titious Rooting Based on Results
Obtained in This Study.
Adventitious root initiation is controlled by a subtle balance of activator
and repressor ARF transcripts, which is maintained by a complex
regulatory network. ARF6 has both a positive and a negative effect on
ARF8 and ARF17 transcript levels. It regulates positively ARF8 and
ARF17 total transcript levels, whereas it has a negative effect on their
uncleaved transcript amount by modulating positively miR160 and
miR167s abundance, which drives degradation of ARF17 and ARF8
transcripts, respectively. By regulating miR167s, it also regulates its own
uncleaved transcript level. Moreover, ARF8 regulates negatively both
ARF17 total transcript amount and miR167s abundance and by conse-
quence ARF6 and its own uncleaved transcript level. In turn, ARF17
represses ARF6 total transcript abundance. In addition, ARF17 regulates
positively the pool ofmiR167s and thereby has a negative effect on ARF6
and ARF8 uncleaved transcript abundance. ARF17 regulates its own
uncleaved transcript abundance by feedback regulation ofmiR160 level.
ARF6 and ARF8 are positively regulated by light. Nevertheless, since
ARF6 regulates ARF8 transcript abundance, we suggest that light
induction of ARF8 may be driven by ARF6. ARF17 is repressed by light.
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CHAPTER 2. LIQUID CULTURE AND META-TOPOLIN SIGNIFICANTLY 
IMPROVES IN VITRO SHOOT MULTIPLICATION OF  
THE RECALCITRANT SPECIES JUGLANS NIGRA L. 
 
Abstract 
Optimizing phytohormone type and concentration are integral for developing a successful 
micropropagation system. The addition of meta-topolin (MT) to established black walnut 
(Juglans nigra L.) tissue culture protocols combined with the novel use of a liquid 
medium have led to the development of a rapid shoot multiplication system. Black walnut 
has long been prized for its timber, leading to commercial cultivation and significant 
breeding efforts for improving marketable traits. Tissue culture propagation is an efficient 
method for the clonal mass production of desired genotypes. Ex vitro and in vitro black 
walnut propagation techniques, however, are highly genotype dependent. The objective 
of this research was to develop a reproducible and dependable micropropagation protocol 
for elite BW genotypes. In vitro shoot cultures were established from nodal cuttings 
cultured on semi-solid Driver and Kuniyuki walnut (DKW) medium supplemented with 
8.9 µM benzyladenine, 0.005 µM indole-3-butryic acid, 200 mg L-1 casein hydrolysate, 
50 mg L-1 adenine hemisulfate, 2 ml L-1 Plant Preservative Mixture™, and 4.1 µM MT. 
Long-term survival and proliferation of microshoots was achieved when nodal segments 
of in vitro grown shoots were cultured in liquid initiation medium in 3 L polycarbonate
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Fernbach-style flasks on a rotary shaker (100 rpm) under a 16 h photoperiod at 25°C. 
Elongated microshoots (5-7 cm in length) were rooted in a slurry-like medium composed 
of half-strength DKW medium with 0.11% (w/v) Phytagel™ and coarse vermiculite (2:1, 
v/v) supplemented with 50 µM IBA for 5 wk. Rooted shoots were acclimatized to 
ambient culture room conditions, but did not survive once transferred to the greenhouse. 
 





















Black walnut (Juglans nigra L.) has long been a highly valued hardwood species in 
the Central Hardwood region. Owing to its unique qualities, black walnut has historically 
been a premier timber species for veneer, cabinetry, gunstocks, furniture, and other wood 
product industries (Cassens 2004; Michler et al. 2007). The value of black walnut has 
merited its cultivation and genetic improvement for over a century. Although initially 
conventional breeding efforts sought superior nut producing genotypes, work in the past 
40 years has produced high valued timber varieties (Beineke 1983; Victory et al. 2004). 
The development of genetically superior black walnut has led to increased demand for 
clonal material necessitating a routine clonal propagation system. Methods such as 
grafting or budding are possible, but economically and physiologically are not ideal 
(Beineke 1984; Coggeshall and Beineke 1997; Hasey et al. 2001; Lopez 2001).  
As a powerful alternative, micropropagation can be used to rapidly multiply superior 
genotypes, circumvent problems associated with variable seed production, aid in 
maintaining genetic diversity, help accelerate genetic improvement programs for forestry 
species, and act as a safe guard against extirpation (Macdonald 1986; Timmis et al. 1987; 
Merkle et al. 2007; Hartmann et al. 2011). Specifically, at the University of California-
Davis Walnut Improvement Program, micropropagation methods have been employed to 
significantly improve reproducibility of progeny tests, and increase commercial 
production of superior clones (Leslie and McGranahan 2014). Developed by Driver and 
Kuniyuki (1984), the walnut specific DKW nutrient tissue culture medium permitted 
more routine micropropagation of Juglans regia, the model species within the genus. 
Previous attempts to propagate Juglans species via tissue culture had variable results 
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owing to a variety of endogenous and exogenous factors (Driver and Kuniyuki 1984; 
Gruselle et al. 1987; McGranahan et al. 1988; Rodriguez et al. 1989; Jay-Allemand et al. 
1993; McCown 2000; Navatel and Bourrain 2001; Lopez 2004; Bosela and Michler 
2008; Sharifian et al. 2009; Vahdati et al. 2009). Licea-Moreno et al. (2015) reported 
significant advances in micropropagating J. major (Arizona black walnut) 209 x J. regia 
hybrids, successfully field-planting over 5800 clonal walnuts. A major issue associated 
with walnut micropropagation, however, is the interaction between genotype and both 
phytohormone type and concentration in culture conditions. These factors have led to the 
inability of tissue culture advances with J. regia and its hybrids to be applied 
interspecifically to J. nigra. Highlighting these difficulties, Scaltsoyiannes et al. (1997) 
reported significant differences in shoot elongation between half-sibling J. regia 
genotypes exposed to the same concentrations of plant growth regulators. 
Within Juglans, sub- or supra-optimal concentrations of traditionally used cytokinins 
such as benzyladenine, kinetin, and zeatin used during the multiplication phase have led 
to many deleterious morphological effects. Abnormalities such as stunted growth, severe 
phenolic exudation, shoot hyperhydricity, fasciation, shoot tip necrosis, and chlorosis 
negatively impacted microculture production (Heile-Sudholt et al. 1986; Revilla et al. 
1989; Van Sambeek et al. 1997; Bosela and Michler 2008). These results, along with the 
inability of current protocols to be applied across genotypes, underscores the need for an 
improved J. nigra micropropagation system. The goals of this study were to evaluate 
whether manipulating phytohormones and the culture environment by using novel 
techniques could further improve black walnut in vitro shoot proliferation independent of 
genotype, and generate plantlets from in vitro grown shoots. Development of an 
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optimized in vitro propagation system will benefit private landowners and commercial 
forest industries wanting to improve production of elite black walnut genotypes. 
2.2. Materials and Methods 
2.2.1. Plant material 
Juvenile plant tissues were obtained from 4-6 week old half-sibling mature black 
walnut seeds from elite genotypes 55 and 189 collected at Martel forest (West Lafayette, 
IN; USA) from mature trees. Mature seeds were de-husked, cleaned, and stratified in 
moist peat moss at 5°C in the dark for 120 days. Nuts were then germinated and grown in 
seedling trays (Polyflat 40 cm x 40 cm x 12.7 cm deep; Anderson Die & MFG Co., 
Portland, OR) in potting mix (1:1:1 (v/v/v), peat moss:perlite:vermiculite) under ambient 
greenhouse conditions (22 ± 2°C). Mature shoots were collected from 1-3-year-old 
grafted black walnut trees of the same genotype grown in the greenhouse. Scion wood 
was originally collected from the canopy of mature elite black walnut genotypes at 
Martel forest (West Lafayette, IN;USA) in March of 2012 and 2014, and grafted onto 
wild-type black walnut seedling rootstock following a modified established protocol 
(Beineke 1984). Successfully grafted plants were overwintered 1 year in cold storage (3-
4°C) prior to being used.  
Ontogenetically juvenile or mature material nodal sections were collected from 
shoots 30-35 cm in length. Stems were defoliated and cut into individual nodal sections, 
surface disinfested in 70% (v/v) ethanol for 30 s, washed in 15% (v/v) bleach solution 
(5.25% sodium hypochlorite) with 0.01% Tween 20 for 20 min, and rinsed in sterile 
water 3 times. There were a total of three biological replications of 12 nodal sections per 
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genotype per treatment used. All cultures were maintained under a 16 h photoperiod 
provided by cool-white fluorescent lamps (80 µmol m-2 s-1) at 24 ± 2°C.  
2.2.2. Shoot initiation and proliferation 
All nodal sections were initiated on a semi-solid basal Driver and Kuniyuki 
walnut (DKW) nutrient tissue culture medium (Driver and Kuniyuki 1984) supplemented 
0.005 µM indole-3-butyric acid (IBA), 200 mg L-1 casein hydrolysate (CH), 50 mg L-1 
adenine hemisulfate (AS), 2 ml L-1 Plant Preservative Mixture™ (PPM), 3% (w/v) 
sucrose, and solidified with 0.22% (w/v) Phytagel™  (Sigma Corp., St. Louis, Mo) in 
Magenta GA-7 vessels (Magenta Corp., Chicago, IL; 50 ml medium). To measure the 
influence of cytokinin either 0 or 8.9 µM benzyladenine (BA) in combination with 0, 4.1, 
6.2, 8.3, or 10.4 µM meta-topolin (MT), or 4.1 µM MT in combination with 2.5, 5, or 
12.5, zeatin (Z) was added to the basal medium. Treatments 0 µM BA in combination 
with 4.1, 6.2, 8.3, or 10.4 µM MT, and 8.9 µM BA in combination with 0 and 2.1 µM 
MT were not used for mature nodal cuttings because these treatments resulted in the 
poorest performance in juvenile shoots. Shoot length, number of nodes per shoot, and 
percentage of necrotic, microbial contamination, leaf set and growth cessation were 
recorded 8 wk after culture initiation with transfer to fresh medium of the same 
composition at 4 wk intervals. In vitro elongated shoots were then defoliated and partially 
submerged in a liquid DKW medium containing 0.005 µM IBA, 200 mg L-1 CH, 50 mg 
L-1 AS, 2 ml L-1 PPM™, 8.9 µM BA, and 4.1 µM MT in 3 L polycarbonate Fernbach-





2.2.3. Rooting and acclimatization of microshoots 
Elongated microshoots (5-7 cm in length) were induced to root in a slurry-like 
medium composed of half-strength DKW medium, 3% (w/v) sucrose, with 0.11% (w/v) 
Phytagel™ and coarse vermiculite (2:1, v/v) supplemented with 30 or 50 µM IBA in 
combination with 0, 50, or 100 µM indole-3-acetic acid (IAA). Two technical replicates 
of 20 explants per treatment were performed. Five weeks after root initiation, percent root 
formation, number of roots per shoot, length or roots, and the number of lateral roots 
were evaluated for each microshoot. Plantlets were gently removed from the rooting 
medium and potted in 12.5 cm x 8 cm plastic pots containing moist autoclaved potting 
mix (1:1:1 (v/v/v), peat moss:perlite:vermiculite) and grown under a 16 h photoperiod 
(80 µmol m-2 s-1). Root systems were rinsed with water prior to transplanting to remove 
residual rooting medium. Pots were placed in perforated 3.8 L zip-lock plastic bags to 
provide a high relative humidity and air exchange. Bags were gradually opened over a 
period of 2-3 weeks allowing plants to acclimatize to ambient conditions. Plants were 
watered every 4-5 d until the bags were fully opened, and then watered as needed. 
2.2.4. Statistical analysis 
Data were analyzed with an analysis of variance (ANOVA) performed with R 
statistical software (R Development Core Team 2006). Post-hoc Tukey’s Honestly 
Significant Difference (HSD) comparison tests at the 5% level of probability were run on 







2.3.1. Shoot initiation and multiplication 
 In vitro shoot cultures were successfully established for elite genotypes 55 and 
189 using nodal cuttings as the initial explant. Elongated microshoots appeared healthy 
and were free of morphological abnormalities (Fig. 2-1). Exogenous cytokinins were 
necessary for microshoot growth. Juvenile shoots cultured without cytokinin were 
significantly shorter with fewer nodes than the optimum treatment, often failing to 
elongate (Fig. 2-2A; Table 2-1). Cytokinin type and concentration had a significant effect 
on juvenile shoot growth and number of nodes per microshoot. Shoots cultured with 8.9 
µM BA plus 4.1 µM MT produced significantly (P ≤ 0.05) longer shoots (1.7 and 1.3 cm) 
with more nodes (6.4 and 5.1) for juvenile material independent of genotype (Table 2-1; 
Fig. 2-2D). The interaction between cytokinin type and concentration significantly 
influenced the mean number of shoots per explant. In particular, a synergistic effect of 
combining BA and MT was observed. While shoots exposed to 8.9 µM BA (Fig. 2-2B) 
or 4.1 µM MT (Fig. 2-2C) elongated normally, the combination of the two cytokinins 
resulted in longer shoots with more nodes per shoot. 
Juvenile explants were highly responsive to culture conditions with 83-100% of 
shoots elongating depending on the treatment with minimal necrosis (Table 2-3). 
Exogenous cytokinin, however, influenced the prevalence of endogenous microbial 
exudation and leaf set. Microbial contamination occurred at low frequencies (2.8-12.5%) 
for BA and MT treatments, but juvenile shoots cultured with Z had an increased rate of 
microbial contamination ranging from 18-65% (Table 2-3). Microbial contamination 
often led to the collapse of cultures, and repeated sub-culture to fresh medium could not 
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rescue nodal explants, eventually leading to prolific phenolic exudation and necrosis (Fig. 
2-3B). Juvenile shoots cultured on Z also had an increased prevalence of long leaf set and 
cessation of elongation (Fig. 2-3A). Long leaf set did not occur with shoots cultured on 
BA and MT, but occurrence ranged from 19.5-24.5% for those on medium supplemented 
with Z (Table 2-3). 
Ontogenetic age of the explants essentially determined if microshoots elongated 
and survived. Regardless of cytokinin type or concentration, mature explants often failed 
to elongate. The optimum phytohormone combination and concentration for mature 
genotype 55 was 4.1 µM MT plus 12.5 µM Z, which resulted in an average microshoot 
length of 0.6 cm and 1.3 nodes per shoot (Table 2-2). Genotype 189, however, had no 
clear optimum shoot initiation treatment. The best microshoot length was 0.2 cm (Table 
2-2). Independent of genotype, all mature explants responded poorly to culture 
conditions. Mature nodal sections experienced an increased incidence of necrosis, 
endogenous microbial exudation, and long leaf set across all treatments. Mature 
microshoot elongation rates ranged from 5.5-36.1% and had necrosis rates from 41.6-
100% (Table3). Microshoot necrosis was a severely limiting factor on culture initiation of 
explants derived from a mature source. 
2.3.2. Shoot multiplication and rooting 
Liquid culture resulted in improved microshoot multiplication. In vitro elongated 
shoots that were defoliated and placed in a liquid DKW medium supplemented with 8.9 
µM BA, 0.005 µM IBA, 200 mg L-1 CH, 50 mg L-1 AS, 2 ml L-1 PPM™, and 4.1 µM MT 
on a rotary shaker rapidly proliferated. Lateral buds broke and elongated forming large 
masses of morphologically normal microshoots (Fig. 2-3C). Shoots of elite black walnut 
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genotypes multiplied at a higher rate on liquid than those grown on the traditional semi-
solid medium. Liquid culture derived microshoots were successfully rooted in vitro (Fig. 
2-3D). Rooting success was dependent on auxin concentration and type. Microshoots 
cultured with 50 µM IBA without IAA resulted in the greatest frequency of adventitious 
root formation (40%) for both juvenile genotypes 55 and 189 (Table 2-4). There was, 
however, only a marginally significant difference (P ≤ 0.05) among treatments for the 
average number and length of adventitious roots. Successfully rooted microshoots were 
acclimatized to ambient growth room conditions, but did not survive the transition to the 
greenhouse. 
2.4. Discussion 
 Culture establishment was successful for both elite black walnut genotypes of 
juvenile origin tested. Significantly longer shoots (1.3-1.7 cm) and number of nodes (5.1-
6.4) were recorded when nodal cuttings were cultured on DKW medium supplement with 
8.9 µM BA plus 4.1 µM MT. Cytokinin type and concentration greatly influenced growth 
and survival of black walnut in vitro cultures. Other black walnut researchers have 
reported similar effects. Bosela and Michler (2008) found that Z was superior to BA at 
concentrations ranging from 2.5-25 µM for rapid shoot elongation of seedling black 
walnut nodal cuttings, although Z and BA at elevated concentrations resulted in shoot 
necrosis, which was an issue unfavorable to in vitro rooting protocols. The incorporation 
of thidiazuron (TDZ) at 0.05-0.1 µM in the medium led to an increased rate of 
morphological abnormalities such as fasciation (Bosela and Michler 2008). Van Sambeek 
et al. (1997) reported, however, successfully establishing black walnut cultures 
supplemented with 0.3 µM TDZ demonstrating the high response variation among 
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Juglans genotypes to various cytokinins. Also, in contrast to the findings presented here, 
where an absence of exogenous cytokinin application resulted in reduced shoot 
elongation, Heile-Sudholt (1986) saw no significant difference between the control (0 
µM BA) and BA-treated (8.8- 44.4 µM) black walnut shoots. 
BA has been the most reported cytokinin used to promote Juglans in vitro shoot 
elongation at a wide range of concentrations. Juglans regia (English walnut) juvenile 
nodal explants were successfully multiplied in vitro using 0.44-8.9 µM BA (Chalupa 
1981; Gruselle et al. 1987; McGranahan et al. 1988; Revilla et al. 1989; Jay-Allemand et 
al. 1992; Heloir et al. 1996; Saadat and Hennerty 1996; Vahdati et al. 2004). Using 8.9 
µM BA, Pijut (1997) successfully elongated nodal explants of Juglans cinerea 
(Butternut) from  seedling origin. BA (0-12.5 µM) has been used to promote shoot 
elongation of J. nigra (Somers et al. 1982; Caruso 1983; Heile-Sudholt et al. 1986; Long 
et al. 1995; Bosela and Michler 2008). This report, however, is the first to document MT 
benefits on culture establishment and shoot elongation for any Juglans species, 
specifically for black walnut. 
 The use of BA and MT individually during culture initiation resulted in black 
walnut shoot elongation; however, the positive interaction between the two had the 
greatest influence on mean length of shoots. One potential explanation for this 
observation was the way these cytokinins were metabolized and perceived by actively 
growing black walnut shoots. As noted previously, BA at optimal- and supra-optimal 
concentrations was slow to induce shoot elongation, and had an increase of necrosis in 
black walnut cultures respectively (Bosela and Michler 2008) necessitating fine-tuning of 
BA levels. MT, even at higher equimolar concentrations relative to BA remained as 
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effective without inducing morphological abnormalities. These observations have been 
reported in other species and were believed to be a result of the rapid turnover of MT and 
its translocation within plant tissues (Kaminek et al. 1987; Bairu et al. 2009; Amoo et al. 
2011). When both cytokinins were available, black walnut shoots presumably could have 
responded rapidly to MT, as a result of its increased bioactivity, while the uptake of the 
more metabolically stable BA, at levels below toxicity, was delayed but integral to 
continued elongation after the turnover of MT. Although, beneficial for black walnut, the 
positive effects of MT were not ubiquitous across species. It was reported the 
micropropagation of Crataegus aronia L. and other woody species was less effective on 
MT than BA for shoot elongation (Aremu et al. 2012; Nuri Nas et al. 2012). 
 While 8.9 µM BA plus 4.1 µM MT in semi-solid DKW medium was suitable for 
repeated subcultures, more rapid shoot multiplication was achieved using a liquid culture 
system. Black walnut microshoots, typically apically dominant when cultured on semi-
solid medium, lost this dominance when partially submerged in liquid culture medium on 
a rotary shaker. This resulted in the release of lateral buds that quickly elongated forming 
large masses of morphologically normal shoots. Somers et al. (1982) reported similar 
findings with black walnut shoots cultured in a liquid medium containing 22.2 µM BA, 
but the condition of the shoots was not described. Other reports of black walnut grown on 
a paper bridge in stationary liquid medium found that shoots remained short and 
thickened, inhibiting rooting trials (Heile-Sudholt et al. 1986). When cultured on a rotary 
shaker in liquid medium, no hyperhydricity, an inherent problem in liquid culture 
systems, was observed. Hyperhydricity has been a issue in previous Juglans studies 
associated with inadequate mineral salt concentration (Bosela and Michler 2008), 
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supraoptimal BA levels (Revilla et al. 1989), or carbohydrate dilution (Gruselle et al. 
1987). The improved multiplication rate found in liquid shake culture suggested this to be 
the result of better nutrient and water availability, stability and availability of cytokinins, 
a reduction in the severity of pH and phytohormone gradients, loss of apical dominance, 
and a dilution of inhibitory substances (e.g. phenolics) (See review by Ascough and 
Fennell 2004; Hart et al. 2016). The dilution of phenolics is of particular importance for 
black walnut cultures, as it has long been an issue in developing routine 
micropropagation systems. 
 Ontogenetic age of the explants influenced mean shoot length and overall survival 
of black walnut nodal cuttings. Elite genotypes from a mature source often failed to 
elongate after bud break and long-term culture could not be established. Other studies 
with black walnut, however, have reported it was possible to establish cultures from 
mature origin. Using dormant branches from mature trees, Van Sambeek et al. (1997) 
developed a solution that forced elongation of lateral buds that were then successfully 
cultured in vitro. Explants from mature origin remained recalcitrant to micropropagation 
techniques, a result of many endogenous and exogenous factors known to inhibit culture 
initiation (Hackett 1987; McCown 2000). Increased phenolic and endogenous microbiota 
exudation from the wound site in mature nodal explants led to the necrosis of shoot 
cultures before establishment could occur. The microbial biodiversity associated with 
walnuts was significant in J. regia mature stem, leaf, and fruit samples; 26.1% (970 
individuals) of all isolates, were classified as endophytes (Pardatscher and 
Schewiegkofler 2009). Differences in phenolic content between mature and juvenile 
shoots have been reported in J. regia x J. nigra hybrids (Claudot et al. 1992), and 
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microbial contamination has hindered previous black walnut micropropagation attempts 
(Cummins and Ashby 1969; Somers et al. 1982; Heile-Sudholt et al. 1986; Van Sambeek 
et al. 1997). In contrast, entophytic bacteria were found to promote growth in Prunus 
avium cultures, and even enhanced rooting in difficult-to-root genotypes (Quambusch et 
al. 2016). These conflicting reports require the elucidation of the interactions between 
black walnut and its endophytes to further improve micropropagation. Future studies 
must mitigate these deleterious effects before routine in vitro propagation is achieved. 
 In vitro cultured juvenile black walnut shoots remained recalcitrant to 
adventitious root formation. Repeatable and routine rooting has long been an impediment 
to black walnut micropropagation. However, independent of genotype, we were able to 
achieve rooting as high as 40% when microshoots were exposed to 50 µM IBA and 
cultured in a slurry of half-strength DKW medium with vermiculite. A two-step rooting 
protocol whereby microshoots were cultured on separate induction medium in the dark 
and expression medium in the light resulted in healthier roots produced at higher 
frequencies (71-100%) for J. regia cultivars and hybrids at similar IBA concentrations 
(14.76-50 µM) (Jay-Allemand et al. 1992; Ripetti et al. 1994; Scaltsoyiannes et al. 1997; 
Leslie et al. 2010). Unfortunately, these techniques have not been transferrable to J. 
nigra. Black walnut microshoots placed in the dark for as few as 3 d turned necrotic. 
Successfully rooted microshoots were acclimatized to ambient growth room conditions 
where roots continued to grow, but continued shoot growth was not observed. Plantlets 
did not survive the transition to the greenhouse. The addition of MT to the initiation 
medium and the use of liquid culture greatly enhanced shoot multiplication of black 
walnut, however, future work will need to further improve rooting frequency of 
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microshoots and optimize acclimatization before commercial micropropagation of elite 
























Table 2-1. Dose effects of benzyladenine, meta-topolin, and zeatin alone and in 
combination on in-vitro shoot elongation of two juvenile elite black walnut genotypes 
after 8 weeks of culture. 
Cytokinin (µM) Genotype 55 Genotype 189 
BA* MT** Z*** Length (cm)a No. Nodesa Length (cm)a No. Nodesa 
0 0 0 0.4 ± 0.04a 2.2 ± 0.2a 0.2 ± 0.03a 1.7 ± 0.2a 
0 4.1 0 0.6 ± 0.05ab 3.5 ± 0.2bc 0.6 ± 0.05ad 4.1 ± 0.2bd 
0 6.2 0 0.7 ± 0.06ad 3.8 ± 0.2bd 0.9 ± 0.08cde 4.0 ± 0.2bd 
0 8.3 0 1.0 ± 0.09cd 4.0 ± 0.3cd 0.8 ± 0.08bde 4.1 ± 0.1bd 
0 10.4 0 1.0 ± 0.07d 4.0 ± 0.2cd 1.0 ± 0.1ef 3.7 ± 0.2bc 
8.9 0 0 0.8 ± 0.07bd 4.7 ± 0.3cde 0.5 ± 0.04ab 3.3 ± 0.2b 
8.9 2.1 0 0.6 ± 0.05abc 4.3 ± 0.2cde 0.8 ± 0.06bde 4.1 ± 0.3bd 
8.9 4.1 0 1.7 ± 0.18e 6.4 ± 0.3f 1.3 ± 0.1f 5.1 ± 0.2d 
8.9 6.2 0 0.9 ± 0.07bd 5.0 ± 0.3de 0.8 ± 0.1bde 4.4 ± 0.2bd 
8.9 8.3 0 0.7 ± 0.05ad 5.0 ± 0.2de 0.8 ± 0.07bde 4.5 ± 0.3bd 
8.9 10.4 0 0.8 ± 0.05bd 5.5 ± 0.2ef 0.8 ± 0.06bde 4.5 ± 0.2bd 
0 4.1 2.5 0.7 ± 0.1ad 4.0 ± 0.4cd 0.9 ± 0.09de 5.0 ± 0.3cd 
0 4.1 5 1.0 ± 0.1bd 4.2 ± 0.4cd 0.8 ± 0.1bde 4.1 ± 0.4bd 
0 4.1 12.5 0.8 ± 0.1ab 4.1 ± 0.4ab 0.8 ± 0.09abc 4.8 ± 0.3b 
Nodes were cultured on DKW medium supplemented with 0.005 µM IBA, 200 mg L-1 CH, 50 mg L-1 AS, 
2 ml L-1 PPMTM, 3% (w/v) sucrose plus BA or MT. Data was collected after 8 wk. a Values represent means 
± SE for 36 explants per treatment. Means in each column followed by the same letter were not 
significantly different according to Tukey’s multiple comparison test (P ≤ 0.05). * 6-benzyladenine (BA), 
** Meta-Topolin (MT), *** Zeatin (Z). Indole-3-butyric acid (IBA), Casein hydrolysate (CH), Adenine 









Table 2-2. Dose effects of benzyladenine, meta-topolin, and zeatin alone and in 
combination on in-vitro shoot elongation of two mature elite black walnut genotypes after 
8 weeks of culture. 
Cytokinin (µM) Genotype 55 Genotype 189 
BA* MT** Z*** Length (cm)a No. Nodesa Length (cm)a No. Nodesa 
0 0 0 0.02 ± 0.01a 0.2 ± 0.2a 0.02 ± 0.02a 0.3 ± 0.2a 
8.9 4.1 0 0.2 ± 0.05ab 1.7 ± 0.4ab 0.06 ± 0.03a 0.7 ± 0.3a 
8.9 6.2 0 0.4 ± 0.1b 2.8 ± 0.8b 0.09 ± 0.03a 0.6 ± 0.3a 
8.9 8.3 0 0.1 ± 0.04a 1.1 ± 0.4ab 0.2 ± 0.04a 0.9 ± 0.3a 
8.9 10.4 0 0.1 ± 0.05a 0.7 ± 0.4a 0.05 ± 0.02a 0.6 ± 0.3a 
0 4.1 2.5 0.2 ± 0.04ab 1.2 ± 0.4ab 0.2 ± 0.05a 1.5 ± 0.4a 
0 4.1 5 0.2 ± 0.04ab 1.7 ± 0.4ab 0.2 ± 0.05a 1.1 ± 0.3a 
0 4.1 12.5 0.6 ± 0.04ab 1.3 ± 0.4ab 0.1 ± 0.04a 1.4 ± 0.4a 
Nodes were cultured on DKW medium supplemented with 0.005 µM IBA, 200 mg L-1 CH, 50 mg L-1 AS, 
2 ml L-1 PPMTM, 3% (w/v) sucrose plus BA or MT. Data was collected after 8 wk. a Values represent means 
± SE for 36 explants per treatment. Means in each column followed by the same letter were not 
significantly different according to Tukey’s multiple comparison test (P ≤ 0.05). * 6-benzyladenine (BA), 
** Meta-Topolin (MT), *** Zeatin (Z). Indole-3-butyric acid (IBA), Casein hydrolysate (CH), Adenine 













Table 2-3. The effects of cytokinin treatment on black walnut nodal explant health. Data 
combined for juvenile and mature genotypes, respectively, after 8 weeks of culture.  
Cytokinin (µM) Juvenile Mature 
















0 0 0 88.9 0 9.7 0 5.5 100 0 0 
0 4.1 0 98.6 0 6.9 0 - - - - 
0 6.2 0 100 0 2.8 0 - - - - 
0 8.3 0 98.6 0 5.5 0 - - - - 
0 10.4 0 98.6 0 11.5 0 - - - - 
8.9 0 0 98.6 0 5.5 0 - - - - 
8.9 2.1 0 98.6 0 9.7 0 - - - - 
8.9 4.1 0 100 0 6.9 0 27.7 66.6 66.6 17.85 
8.9 6.2 0 98.6 0 12.5 0 24.9 41.6 16.7 12.5 
8.9 8.3 0 100 0 11.1 0 26.3 100 0 5 
8.9 10.4 0 100 0 11.1 0 12.4 55 30 0 
0 4.1 2.5 84.7 10.3 18.6 19.5 36.1 96.4 50 7 
0 4.1 5 84.7 8.1 65.5 24.5 34.6 80 0 33.3 
0 4.1 12.5 83.2 9.7 59.7 25.3 30.5 68.1 9 18.1 
Nodes were cultured on DKW medium supplemented with 0.005 µM IBA, 200 mg L-1 CH, 50 mg L-1 AS, 
2 ml L-1 PPMTM, 3% (w/v) sucrose plus BA or MT. Data was collected after 8 wk. a Values represent means 
± SE for 36 explants per treatment. Means in each column followed by the same letter were not 
significantly different according to Tukey’s multiple comparison test (P ≤ 0.05). * 6-benzyladenine (BA), 
** Meta-Topolin (MT), *** Zeatin (Z). Indole-3-butyric acid (IBA), Casein hydrolysate (CH), Adenine 










Table 2-4. The effects of auxin concentration and type on root formation of black walnut in vitro microshoots after 5 weeks. 
Auxin (µM) Genotype 55 Genotype 189 
IBA* IAA** No. Rootsa Length (cm)a (%) Root Formation  No. Roots
a Length (cm)a (%) Root Formation  
0 0 0a 0a 0 0a 0a 0 
30 0 0.6 ± 0.2ab 0.14 ± 0.04bc 27.5 0.5 ± 0.2ab 0.1 ± 0.03ac 22.5 
30 50 0.3 ± 0.1ab 0.04 ± 0.02ab 15 0.3 ± 0.1ab 0.03 ± 0.2ab 12.5 
30 100 0.1 ± 0.03a 0.03 ± 0.02ab 7.5 0.3 ± 0.1ab 0.02 ± 0.2ab 10 
50 0 0.8 ± 0.2b 0.2 ± 0.05c 40 0.9 ± 0.2b 0.2 ± 0.04c 40 
50 50 0.7 ± 0.2b 0.1 ± 0.04bc 27.5 0.7 ± 0.2b 0.2 ± 0.04bc 30 
50 100 0.8 ± 0.2b 0.2 ± 0.04c 35 0.8 ± 0.2b 0.2 ± 0.04c 32.5 
aValues represent means ± SE for 40 explants per treatment. Means in each column followed by the same letter were not significantly different according to 










Figure 2-1. In vitro grown black walnut microshoot free of morphological abnormalities 
after 8 weeks grown in DKW medium supplemented with 0.005 µM indole-3-butyric 
acid, 8.9 µM benzyladenine, 4.1 µM meta-topolin, 200 mg L-1 casein hydrolysate, 50 mg 
L-1 adenine hemisulfate, 2 ml L-1 Plant Preservative Mixture™, 3% (w/v) sucrose, and 






Figure 2-2. Shoot elongation of juvenile, elite black walnut nodal explants after 8 weeks 
exposure to varying concentrations of benzyladenine and meta-topolin. (A) Control shoot 
on DKW medium with no benzyladenine or meta-topolin showing limited elongation and 
cessation of growth, (B) 8.9 µM benzyladenine plus 0 µM meta-topolin, (C) No 










Figure 2-3. Growth abnormalities effecting shoot elongation and culture establishment, 
and successful shoot multiplication. (A) Nodal explant displaying long leaf set and 
cessation of active growth, (B) Severe phenolic and microbial exudation leading to 
explant necrosis, (C) A mass of rapidly proliferating microshoots culture on a rotary 
shaker in liquid DKW medium supplemented with 0.005 µM indole-3-butyric acid, 8.9 
µM benzyladenine, 4.1 µM meta-topolin, 200 mg L-1 casein hydrolysate, 50 mg L-1 
adenine hemisulfate, 2 ml L-1 Plant Preservative Mixture™, and 3% (w/v) sucrose, (D) A 
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CHAPTER 3. ORIGIN OF ADVENTITIOUS ROOTS IN BLACK WALNUT 
(JUGLANS NIGRA L.) SOFTWOOD CUTTINGS ROOTED UNDER 
OPTIMIZED CONDITIONS IN A FOG CHAMBER 
 
Abstract 
High-quality black walnut (Juglans nigra L.) logs are of great economic value and are 
used in the manufacture of high-end products. Indigenous to the central hardwood region, 
black walnut has been commercially cultivated for many years, and genetic improvement 
and selections have resulted in superior timber genotypes. Vegetative propagation, 
however, is extremely difficult. The recalcitrance of black walnut cuttings to form 
adventitious roots is the greatest hurdle for mass propagation of improved material. The 
goal of this research was to improve the frequency of adventitious root formation in black 
walnut softwood cuttings, and investigate anatomical changes during root development. 
Softwood cuttings (15-20 cm) were collected from juvenile and mature sources of elite 
genotypes, dipped for 60 s in 31.1, 62.2, or 93.2 mM indole-3-butyric acid-potassium salt 
(K-IBA), or 36.9, 73.8, or 110.7 mM indole-3-butyric acid (IBA), and then inserted into a 
moist medium consisting of 3 perlite: 1 coarse vermiculite (v/v). Cuttings were placed in 
benchtop fog chambers or a mist bench for 5 weeks. To visualize anatomical changes 
during root formation, stems were fixed in formaldehyde, embedded in paraffin, serially 
sectioned, and stained on sequential days throughout root development. Rooting was 
greatest (72%) for cuttings exposed to 93.2 mM K-IBA and placed in the fog chamber, 
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while cuttings treated with IBA rooted at lower frequencies (16-22.2%). Cuttings placed 
in the mist bench often deteriorated and rooted at lower frequencies independent of the 
auxin type. Anatomical analysis revealed adventitious root initials by day 16 and root 
primordia formation by day 18. Rooted cuttings survived acclimatization to the 
greenhouse. 






















 Eastern black walnut (Juglans nigra L.) is an integral species of the Central and 
Eastern hardwood forests of the United States. Black walnut is rarely found in pure 
stands, but is highly prized for its timber (Williams 1990; Geyser and Rink 1998). Unique 
wood qualities such as figure, machinability, and color have made black walnut one of 
the most sought after hardwood trees for many high-end wood products including 
furniture, cabinetry, and veneer (Cassens 2004; Michler et al. 2007). As such, black 
walnut is an extremely valuable timber species. Extensive research has been conducted 
developing production systems to grow black walnut (Funk et al. 1979; Ponder Jr 1983; 
Ponder Jr and Baines 1988; Goodman et al. 2013; Goodman et al. 2014), as well as 
generating superior timber genotypes (Beineke 1983; Victory et al. 2004). Black walnut 
unfortunately is recalcitrant to in vitro and vegetative clonal propagation methods on a 
commercial scale. 
 Established woody plant propagation techniques such as grafting, although 
routine, are not ideal for black walnut. Graft union death as a result of disease (Chen et al. 
2013), scion-rootstock compatibility (Thomas et al. 2008), and the labor-intensive 
grafting techniques (Lowe and Beineke 1969) can influence success and survival. 
Coggeshall and Beineke (1997) found black walnut grafting success to be highly variable 
and inconsistent. Field trials have also shown that self-rooted Juglans regia (English 
walnut) outperformed grafted individuals of the same genotype (Hasey et al. 2001; Lopez 
2001). Propagation via softwood cuttings, however, would be an ideal alternative to 
grafting to quickly replicate desired clones for timber or nut production, conservation 
efforts, and to complement breeding. Despite its potential value to commercial black 
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walnut production, rooted cutting propagation of walnuts in unreliable. Farmer and Hall 
(1973) achieved a rooted frequency as high as 62% using a 49.2 mM indole-3-butyric 
acid (IBA) with seedling cuttings, although only on a small scale. Other reports of rooting 
black walnut cuttings required significant pre-treatment of stock plants and had a range of 
success (Shreve 1972; Shreve and Miles 1972; Farmer and Hall 1973; Carpenter 1975). 
 Our anatomical and physiological understanding of what drives adventitious root 
initiation in black walnut remains limited. One factor known to influence rooting is the 
ontogenetic age of the source material. A defining, and often limiting, characteristic of 
woody plant maturation was a sharp decline in rootability (Hackett 1988). This is of 
particular importance for clonal forestry as traits of interest are often not detectable until 
after the switch to a mature state. This study aimed to improve black walnut softwood 
cutting propagation, and to better understand factors influencing adventitious root 
development. We examined how auxin type, indole-3-butyric acid-potassium salt (K-
IBA) or IBA, and concentration in combination with rooting environment, fog or mist 
bench, influenced root formation, number and length of roots, and survival. We also 
investigated anatomical differences of easy-to-root juvenile material vs. hard-to-root 
mature material to develop a spatially explicit timeline of the stages of adventitious root 
formation.  
3.2. Materials and Methods 
3.2.1. Stock plants 
Mature softwood cuttings were collected from 1 to 3-year-old grafted black 
walnut trees grown in the greenhouse. Scion wood was originally collected from the 
canopy of mature elite black walnut genotypes at Martel forest (West Lafayette, IN;USA) 
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in March of 2012 and 2014, and grafted onto wild-type seedling rootstocks following a 
modification of the protocol of Beineke (1984). Successfully grafted plants were 
overwintered one year in cold storage (3-4°C) prior to being used. Juvneile softwood 
cuttings were taken from 5 to 8-week old seedlings of elite genotypes. Seeds were 
collected at Martel forest (West Lafayette, IN; USA) from mature elite black walnuts. 
Mature seeds were de-husked, cleaned, and stratified in moist peat moss at 5°C in the 
dark for 120 days. Nuts were then germinated and grown in seedling trays (Polyflat 40 
cm x 40 cm x 12.7 cm deep; Anderson Die & Mfg Co., Portland, OR) in potting mix 
(1:1:1 (v/v/v), peat moss:perlite:vermiculite) under ambient greenhouse conditions (22 ± 
2°C). 
3.2.2. Softwood cuttings 
 Mature and juvenile Softwood cuttings (15-20 cm in length) were collected from 
new growth of the same genotypes. Leaflets were trimmed to reduce total leaf area by 25-
50%. The basal 3 cm of the cuttings were dipped for 60 s in 31.1, 62.2, or 93.2 mM K-
IBA dissolved in deionized water, 36.9, 73.8, or 110.7 mM IBA dissolved in deionized 
water plus a few drops of 5N NaOH, or deionized water (control), and then inserted into a 
moist medium of 3 perlite: 1 coarse vermiculite (v/v). Cuttings were maintained under 
ambient greenhouse conditions under intermittent mist (15 s every 30 min) or in a bench-
top fog chamber. The fog chamber consisted of three (Sterilite, Townsend, MA) 53 L 
plastic containers. One container, with lid attached, acted as water reservoir where fog 
was generated by an Alpine 1 Jet Fogger (Alpine, Tokyo, Japan) and actively blown via 
PVC pipe by fan (80mm x 80mm x 12mm; Sunon, Taiwan) into the fog chamber 
composed of the remaining containers secured opening to opening without lids (30 min 
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every 90 min) (Fig. 3-1). For the duration of root formation cuttings were kept under 
ambient light conditions (1,000-1,200 µmol m2 s-1). After five weeks, data were collected 
for number of rooted cuttings, number of roots per cutting, individual root length (cm), 
and number of lateral roots per cutting.  
3.2.3. Anatomical analysis 
To develop a spatially explicit timeline of morphological changes during root 
primordia development, the basal three cm of the shoots treated with 93.2 mM K-IBA 
(best rooting percentage) or deionized water (control) were used. Stem segments (1-5 cm) 
were collected on day 0, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20, day 26 for mature only, 
and day 31, 33, 35 for control only, and partitioned into 0.5 cm segments. Three 
biological replicates were taken for each day. Segments were immediately fixed in a 
modified Karnovsky’s fixative (1.5% glutaraldehyde, 2% paraformaldehyde, 1M 
phosphate buffer pH 7.2; Cat. No. 15732-10 Custom, Electron Microscopy Sciences, 
Hatfield, PA), rinsed for 10-15 min four times with phosphate buffer (0.5 M pH 6.8; 
Electron Microscopy Sciences, Hatfield, PA), serially dehydrated in ethanol up 100%, 
and then embedded in paraffin wax (TissueTek Vip Cat. No. 62580-08, Electron 
Microscopy Sciences, Hatfield, PA). The embedded tissue was sectioned into 10 µm 
sections using a rotary microtome (Jung BioCut mod. 2035), and stained with 1% 
Safranin O and Fast Green (Jensen 1962). Histological sections were visualized with a 
light microscope (Zeiss Axioskop) using Spot™ imaging software (Idea camera model 





3.2.4. Experimental design and statistical analysis 
Three biological replicates of 12 cuttings each were taken for each treatment and 
environment. The same five genotypes were used for juvenile and mature cuttings, and 
data were pooled for each maturation state. Data were analyzed with an analysis of 
variance (ANOVA) performed with R statistical software (Team 2006). Post-hoc Tukey’s 
Honestly Significant Difference (HSD) comparison tests at the 5% level of probability 
were run on means shown to be significant by ANOVA. 
3.3. Results 
3.3.1. Softwood cuttings 
 While rooting success depended on all variables tested, maturation was the largest 
single factor that contributed to the frequency of adventitious root formation in black 
walnut cuttings. All cuttings from grafted mature genotypes failed to root regardless of 
auxin type, concentration, or environment (data not shown), and in the absence of 
exogenous auxin application (water control). All juvenile cuttings also failed to root in 
the water control. A Tukey’s HSD test (P ≤ 0.05) found auxin type and concentration 
significantly influenced the number and length of adventitious roots as well as the 
number of lateral roots that formed with juvenile cuttings (Table 3-1). Overall, 93.2 mM 
K-IBA resulted in the greatest frequency of root formation for both fog and mist 
environments, 72.2% and 27.8%, respectively (Table 3-1). 
 Within each environment, auxin type had a positive effect on adventitious root 
formation. Cuttings exposed to K-IBA rooted at a higher frequency compared to IBA, 
independent of environment, and cuttings rooted in the fog chamber treated with K-IBA 
had significantly more roots (Table 3-1). Rooting environment also influenced rooting 
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frequency, number and length of roots, as well as number of lateral roots. Cuttings placed 
in the fog chamber remained healthier throughout the rooting process, than those placed 
in the mist bench, and survived longer after rooting. Cuttings in the mist bench would 
often quickly turn necrotic and did not survive until data collection. 
 Fog chamber rooted cuttings formed roots at a higher frequency and had a greater 
number of roots overall (Table 3-1), although the only significant difference (P ≤ 0.05) 
between the rooting environments occurred for the two best auxin treatments (62.2 mM 
K-IBA and 93.2 K-IBA) (Table 3-1). Among K-IBA concentrations, however, only the 
31.1 mM treatment had significantly fewer and shorter roots (Fig. 3-2A; Table 3-1) as 
compared to the other treatments (Fig. 3-2B,C). Adventitious roots appeared healthy and 
actively growing (Fig. 3-3A) Rooted cuttings were successfully acclimatized to ambient 
conditions where they resumed active shoot growth (Fig. 3-3B). 
3.3.2. Anatomical analysis 
 Histological investigation revealed the origin of adventitious roots in black walnut 
softwood stem cuttings. Juvenile and mature cuttings displayed similar stem anatomy 
with the exception of the presence and abundance of sclerenchymatous phloem fiber 
tissue. In juvenile cuttings day 0, phloem fiber cells were found between the phloem and 
cortex and they grew in bundles forming a discontinuous ring along the transverse axis 
leaving gaps of parenchyma cells (Fig. 3-4 A, B). Mature cuttings on day 0, however, had 
a darkly staining continuous ring of phloem fiber cells (Fig. 3-5A). 
 Juvenile cuttings by day 16 after auxin treatment displayed darkly stained nucleoli 
and nucleuses of dividing cells, forming root initials originating from the parenchyma 
cells in the phloem fiber gaps (Fig. 3-4 C). By day 18 post-auxin treatment, root initials 
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had developed into root primordia with organized cell files forming behind the root cap 
still within the phloem fiber gaps (Fig. 3-4 D, E). Maturing adventitious roots were 
connected to the stem vasculature and elongating by day 20 (Fig. 3-4F), and appeared 
anatomically normal with mature root cap, quiescent center, and stele (Fig. 3-5F). 
 Cuttings from grafted mature genotypes, which failed to root, followed a different 
anatomical progression after auxin treatment. Minimal cell division was observed as far 
out as 18 days after treatment, and the continuous ring of phloem fiber cells remained 
intact (Fig. 3-5B). By day 20 in mature cuttings there was limited cell proliferation in the 
cortex with no visible organized cell division (Fig. 3-5C). Juvenile control (water) 
cuttings, which also failed to root, displayed indications of undirected cell division at day 
20 (Fig. 3-5D), and by day 33 there were masses of undifferentiated callus tissue 
originating from the cortical region (Fig. 3-5E).  
3.4. Discussion 
 Softwood cuttings of Juglans nigra were successfully clonally propagated and 
continued to grow normally after rooting and acclimatization. The highest rooting 
frequencies 63.9 and 72.2%, and highest number of roots per cutting 3.2 ± 0.6 and 3.3 ± 
0.4, were achieved when juvenile cuttings were exposed to 62.2 or 93.2 mM K-IBA, 
respectively. These rooting frequencies were similar or greatly exceeded cutting 
propagation systems in other Juglans species. Juglans cinerea (butternut) cuttings rooted 
as high as 87.5% when treated with 74 mM IBA (Pijut and Moore 2002; Pijut 2004), 
Juglans hindsii x J. regia cuttings rooted from 30- 80% when treated with 24.9 to 33.1 
mM K-IBA (Reil et al. 1998). Serr (1964) reported best results with hardwood cuttings of 
Juglans hybrids when soaking the basal end of the cuttings for 24 h in 1.1 mM IBA. J. 
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regia rooting has been reported to range from 0-14.5% when IBA was used (Gautam and 
Chauhan 1990; Gunes 1999; Tajbakhsh et al. 2009), and J. hindsii (Northern California 
Black Walnut) cuttings rooted at 100% with an acid pre-treatment prior to application of 
IBA (Lee et al. 1976).   
 Auxin type had a positive impact on black walnut root formation in both fog and 
mist environments. Cuttings achieved higher rooting percentages with significantly more 
roots (P ≤ 0.05) when dipped for 60 s in K-IBA compared to IBA, and increasing K-IBA 
improved the number and length of roots until an optimum was reached at 93.2 mM. The 
superiority of K-IBA could be a result of the increased solubility of the IBA salt 
(Hartmann et al. 2011). This increased solubility would allow for improved translocation 
of auxin within the black walnut stem. This is the first report of using K-IBA to root J. 
nigra softwood cuttings, although K-IBA has been effective to root J. cinerea cuttings 
(Pijut and Moore 2002; Pijut 2004). Previous research with black walnut, however, had 
exclusively used IBA as the auxin type and cuttings were rooted under intermittent mist. 
These studies often had limited numbers of replicates or necessitated extensive 
pretreatments, which made commercial production impractical.  
Farmer and Hall (1973), using 49.2 mM IBA,  achieved an average of 55-62% 
rooting under intermittent mist, but cuttings required etiolation, girdling with a copper 
wire, and treatment with the fungicide Benomyl.  Soaking the basal ends of black walnut 
cuttings in Ethephon for 6 h resulted in 60-70% rooting, but these did not survive long-
term (Carpenter 1975). Again using 25-49 mM IBA, Shreve and Miles (1972) and Shreve 
(1972) achieved rooting as high as 100%, but with as few as 10 cuttings per treatment, 
reproducibility was limited. We also found that when rooting occurred in a fog chamber 
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compared to intermittent mist, cuttings remained healthier for longer and were 
significantly better for all of the variables recorded. The compound leaves of black 
walnut led to rapid desiccation in the mist bench, despite reduction in leaf area, and there 
was often mineral salt build-up on the foliage that also contributed to necrosis. Similar to 
other findings with black walnut, intermittent mist often led to necrotic cuttings that did 
not survive for the duration of the study (Farmer 1971). Fogging created more amenable 
conditions for maintaining healthy cuttings while adventitious roots were forming. 
The ontogenetic age of the cuttings was one of the single greatest factors 
controlling root formation, as all cuttings of mature origin failed to root. The importance 
of juvenility to rooting of cuttings from trees has been documented in walnut and other 
species (Shreve and Miles 1972; Ballester et al. 1999; Hartmann et al. 2011). The effects 
of maturation on adventitious root formation has been well documented (Hackett 1988; 
Pijut et al. 2011). Vegetative phase change and the resulting loss of rootability has been 
linked to a number of factors including molecular mechanisms and fluctuations in auxin 
homeostasis (Wang et al. 2011; Rasmussen et al. 2015; Xu et al. 2016). In the absence of 
exogenous auxin no roots formed, however callus formation was present. Similar 
findings have been previously reported for black walnut (Shreve and Miles 1972). This 
probably indicates that auxin treatment was not necessary for dedifferentiation, but was 
required for adventitious root initiation. 
Anatomical analysis elucidated the origin of adventitious roots in juvenile black 
walnut cuttings. Although adventitious roots may arise from different locations among 
genera (Jackson 1986), histological evidence showed that black walnut roots originated 
from the gaps between phloem fiber bundles. These gaps presumably maintain 
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throughout the length of the longitudinal axis, as adventitious roots often formed in 
vertical files along the stem (Fig. 3-2). Adventitious root initials were not visible within 
the gaps until day 16, and mature roots did not begin to elongate until day 20. This delay 
in the progression of root formation contrasts with easy-to-root cuttings from trees such 
as Populus, but could not be described as indirect root formation as there was no 
intervening callus stage (Hartmann et al. 2011; Zhao et al. 2014). Progenitor cells were 
most likely parenchyma cells because of their location, isodiametric shape, and ability to 
change their cell fate (Esau 1977). Although this is the first described origin of 
adventitious roots in black walnut, a report on J. regia ‘Hartley’ shoots described 
anomalous parenchyma rays centripetal to the cortex potentially giving rise to 
adventitious roots (Avanzato and Cappellini 1988).  Similar origins of adventitious roots 
have also been noted in Laurus nobilus L. (bay laureal) (Parlak and Semizer-Cuming 
2012).  
In black walnut, one explanation for the failure of cuttings from a mature origin to 
root could be the absence of competent progenitor cells. Cross-sections of mature stems 
revealed a continuous ring of phloem fiber cells, thereby eliminating the sites that formed 
adventitious roots in juvenile cuttings. Similar differences between juvenile and mature 
stem anatomy have been observed in J. nigra x J. regia hybrids (Claudot et al. 1992). 
Auxin application alone in black walnut was not sufficient to initiate adventitious root 
development, as parenchymatous cells within phloem fiber gaps must also be present. In 
addition to previously documented molecular and hormonal cues, these findings provide 
evidence for an anatomical mechanism as a possible explanation of adventitious root 
formation recalcitrance. The importance of anatomy and the abundance of 
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sclerenchymatous tissue to rooting ability has been documented in other woody species 
as well (Beakbane 1961; Vieitez and Vieitez 1976). Juvenile black walnut cuttings 
however, were repeatedly rooted at a high rate (72.2%) in a fog chamber with 93.2 K-
IBA. K-IBA and fog were essential for success. This first report of a spatially explicit 
timeline of adventitious root development in black walnut is integral for guiding future 
studies on the molecular controls of root formation. The optimization of a vegetative 
propagation system for a highly valuable hardwood tree, such as black walnut, would be 










Table 3-1. Rooting environment and auxin application effects on the rooting of juvenile Juglans nigra L. cuttings. 
Auxin 
(mM) 










Roots Length (cm) 
No. Lateral 
Roots 
0 0 0a 0a 0a 0 0a 0a 0a 
31.1 K-IBA* 50.0 1.3 ± 0.2a 0.9 ± 0.2bc 2.0 ± 0.7ab 22.2 1.3 ± 0.5a 0.7 ± 0.3ab 2.7 ± 1.7a 
62.2 K-IBA 63.9 3.2 ± 0.6b 1.6 ± 0.3cd 6.8 ± 1.7b 22.2 1.1 ± 0.3a 0.8 ± 0.2ab 1.5 ± 0.7a 
93.2 K-IBA 72.2 3.3 ± 0.4b 1.8  ± 0.2d 6.3 ± 2.0b 27.8 1.2 ± 0.3a 0.9 ± 0.3b 2.4 ± 0.9a 
36.9 IBA** 19.4 0.6 ± 0.2a 0.1 ± 0.03ab 0a 0 0a 0a 0a 
73.8 IBA 22.2 1.1 ± 0.3a 0.8 ± 0.3abc 3.2 ± 1.3ab 19.4 0.7 ± 0.2a 0.7 ± 0.2ab 2.7 ± 1.1a 
110.7 IBA 16.6 0.7 ± 0.3a 0.6 ± 0.2ab 2.5 ± 1.1ab 16.6 0.7 ± 0.2a 0.6 ± 0.2ab 2.4 ± 1.1a 
Cuttings were dipped in auxin for 60s prior to insertion into moist rooting medium and placed in fog chamber or intermittent mist. 
Data were collected after 5 weeks.  Values represent means ± S.E. for 36 explants per treatment. Means in each column followed by 
the same letter were not significantly different according to a Tukey’s HSD test (P ≤ 0.05) *Indole-3-butyric acid-potassium salt (K-









Figure 3-2.  Fog chamber rooted softwood cuttings of Juglans nigra 5 weeks after a 60 s dip in respective auxin treatment (A) 31.1 





Figure 3-3. Successfully rooted juvenile black walnut cutting (A) Healthy adventitious 2	
roots actively growing in files, (B) Successfully acclimatized rooted black walnut cutting 3	




Figure 3-4. Transverse sections of juvenile black walnut (Juglans nigra) cuttings 0-20 2	
days after auxin treatment. (A) and (B), morphological structure of cutting base on day 0; 3	
close-up of vasculature (B) in which diffuse porous vessel elements were found within 4	
the xylem, flanked centrifugally by the cambium, phloem, a discontinuous ring of phloem 5	
fibers, and finally the cortex, (C) Day 16, darkly staining nuclei and nucleoli dividing to 6	
form a root initial in the gaps between phloem fiber tissue, (D) Day 18 longitudinal view 7	
of root primordia forming within phloem fiber gaps, (E) Day 18, maturing root primordia 8	
with cells organizing into darkly staining root cap and centripetally cells organized linear 9	
files (arrows) within the meristematic zone, (F) Day 20, fully developed adventitious root 10	
elongating and emerging from cutting. AR, Adventitious root; C, Cambium; Co, Cortex; 11	
ph, Phloem; Pf, Phloem fibers; P, Pith; Rc, Root cap; Ri, Root initial; Rp, Root 12	





Figure 3-5.  Transverse sections of black walnut (Juglans nigra) cuttings after root 2	
induction. (A) Mature cutting day 0 displaying similar anatomical features to juvenile 3	
cuttings with the exception of a continuous phloem fiber ring centrifugally to phloem 4	
elements, (B) Mature cutting day 18 showing limited cell division and no root primordia 5	
development, (C) Mature cutting day 20 with enlarged cortical region, (D) Juvenile 6	
control (water) cutting day 20, no organized cell division within phloem fibers gaps, (E) 7	
Juvenile control (water) cutting day 33, extensive callus formation arising from the 8	
cortex, (F) Adventitious root from juvenile cutting day 30 showing normal morphology. 9	
Ca, Callus; C, Cambium; Co, Cortex; ph, Phloem; Pf, Phloem fibers; P, Pith; QC, 10	
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CHAPTER 4. LOCALIZED GENE EXPRESSION CHANGES DURING 1	
ADVENTITIOUS ROOT FORMATION IN 2	
BLACK WALNUT (JUGLANS NIGRA L.)  3	
 4	
Abstract 5	
Cutting propagation plays a large role in the forestry and horticulture industries where 6	
superior cultivars and genotypes need to be clonally multiplied. Integral to this process is 7	
the ability of cuttings to form adventitious roots. Recalcitrance to adventitious root 8	
development (ARD) is a serious hurdle for many woody plant propagation systems, 9	
including the economically valuable species black walnut (Juglans nigra L.). The 10	
inability of black walnut to reliably form adventitious roots limits the way superior 11	
genotypes can be propagated versus other methods such as grafting. Adventitious roots 12	
may be initiated under normal developmental conditions, and also in response to abiotic 13	
stressors (anoxia, nutrient deficiency, or wounding). Within the cutting, adventitious 14	
roots may originate from different locations, and root induction is controlled by many 15	
environmental and hormonal factors. At the molecular level, however, the regulation of 16	
adventitious root formation is still poorly understood. In order to elucidate the 17	
transcriptional changes during ARD in black walnut we used quantitative real-time 18	
polymerase chain reaction to measure the expression of genes that have been shown to be 19	
involved in root formation. Using our previously developed spatially explicit timeline of 20	
ARD in black walnut softwood cuttings, we optimized a laser capture microdissection 21	
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 (LCM) protocol to isolate RNA from cortical, phloem fiber, and phloem parenchyma 1	
cells throughout adventitious root formation. The results indicated all nine rooting-related 2	
genes were responsive to root induction treatment in both juvenile and mature cuttings. 3	
SCARECROW LIKE-1 had the greatest degree of fold change across all time points, 4	
treatments, and maturity levels. Subtle changes in gene expression, imperceptible in 5	
whole tissue samples, were elucidated using LCM. Increases in expression were often 6	
greater in rooting competent phloem parenchyma cells compared to cortical and fiber 7	
cells. The use of LCM allowed for high-resolution, site-specific analysis of gene 8	
expression that differentiated between participatory and non-participatory root progenitor 9	
cells. This finding provided important information regarding the molecular mechanisms 10	
controlling ARD in black walnut cuttings. 11	















 Vegetative propagation is widely used to clonally reproduce ornamental and 2	
woody plants. Clonal propagation is ideal for quickly producing large numbers of unique 3	
genotypes, circumventing problems long generations and variable seed production, 4	
maintaining genetic diversity, accelerating breeding programs, and conservation 5	
endangered or threatened species (Macdonald 1986; Timmis et al. 1987; Merkle et al. 6	
2007; Hartmann et al. 2011). Cuttings propagation, specifically, is a fast, efficient, and 7	
economic method to multiply plants, but it relies on the ability of cuttings to form 8	
adventitious roots (AR), which can be defined as roots that develop on any aerial plant 9	
tissue. AR development (ARD) follows defined stages that require cells, typically in 10	
proximity to the vascular cambium, to change their cell fate and to organize into new 11	
meristems (Jackson 1986; Hartmann et al. 2011) AR may form naturally, such as brace or 12	
crown roots in corn (Zea mays), or through wounding, nutrient deficiency, or flooding 13	
(Steffens and Rasmussen 2016), with each pathway presenting a unique developmental 14	
physiology. The ability to form AR is not universal, but instead is highly species and 15	
even genotype-specific, and ARD has been directly linked to the ontogenetic age of the 16	
cutting (Diaz-Sala et al. 1996; Greenwood et al. 2001; Vidal et al. 2003; Pijut et al. 17	
2011). ARD recalcitrance is a significant impediment to vegetative propagation. 18	
 Black walnut (Juglans nigra L.) is a fine hardwood tree that grows throughout 19	
Central and Eastern forest regions of the United States. Economically, black walnut is 20	
highly prized for it valuable timber. Its unique wood properties make it ideal for 21	
cabinetry, veneer, furniture, and other high-end wood products that are traded in both 22	
regional and global markets (Cassens 2004; Michler et al. 2007). As such, black walnut 23	
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has long been commercially grown for timber production. Genetic improvement 1	
programs have also successfully selected for individuals with improved marketable traits 2	
(Beineke 1983; Victory et al. 2004). It became quickly recognized however, that routine 3	
propagation of superior black walnut genotypes was extremely difficult, and success was 4	
often variable (Coggeshall and Beineke 1997). Despite its economic value, vegetative 5	
propagation methods such as rooting cuttings, grafting, and tissue culture have been 6	
suboptimal for black walnut. Rooted cutting and tissue culture propagation are superior to 7	
grafting (Beineke 1984; Coggeshall and Beineke 1997; Hasey et al. 2001; Lopez 2001) 8	
but are seriously hindered by black walnut’s recalcitrance to ARD.  9	
  Initiating and regulating ARD involves many endogenous, and environmental 10	
factors; unfortunately, how these mechanisms interact and promote or inhibit AR are not 11	
well understood (Da Costa et al. 2013; Guan et al. 2015; Christiaens et al. 2016). Central 12	
to the stimulation of ARD in most species has been the application of exogenous auxin, 13	
which acts in concert with many other phytohormones in complex regulatory network to 14	
control root initiation (Hartmann et al. 2011; Păcurar et al. 2014). In Arabidopsis, 15	
Gutierrez et al. (2009) and Gutierrez et al. (2012) identified AUXIN RESPONSE 16	
FACTOR (ARF) 6 and 8 as promoters of ARD, whereas ARF17 inhibited root formation. 17	
This complex interaction regulates ARD through cross-talk with jasmonic acid, and in 18	
part is controlled by light and micro-RNA (miR) 160 and 167 abundance. In argonaute1 19	
(ago1) knockout mutants, which rarely form AR, ARF17 was overexpressed, leading to a 20	
perturbation of auxin homeostasis, as a result of the down-regulation of Gretchen 21	
Hagan3 (GH3) type genes, which regulated free indole-3-acetic acid (IAA) (Sorin et al. 22	
2005; Zhang et al. 2011). GH3 genes have also been shown to regulate ARD through 23	
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jasmonic acid homeostasis, and upstream were positively regulated by ARF6, ARF8, and 1	
negatively regulated by ARF17 (Gutierrez et al. 2012). Genes controlling auxin transport 2	
and signaling have specific roles in AR formation. Decreased PtaERF003 in Populus and 3	
ATP-binding cassette B19 in Arabidopsis expression led to a reduction in the auxin 4	
signal cascade and auxin accumulation in competent tissue respectively, and these 5	
decreases resulted in AR reduction (Sukumar et al. 2013; Trupiano et al. 2013). 6	
PINFORMED 1 (PIN1) and its analogues act as auxin efflux carriers, and coordination 7	
among PIN proteins can generate local auxin maxima that were thought to play a central 8	
role in ARD (Xu et al. 2005; Kitomi et al. 2008; Guan et al. 2015).  9	
SCARECROW (SCR) and SHOOT-ROOT (SHR), members of the plant-specific 10	
GRAS family of transcription factors, are important for early root meristem patterning 11	
and maintenance. Knock out SCR/SHR mutants display a phenotype characterized by 12	
abnormal stele patterning and cytokinin levels. In Castanea sativa shoots capable of root 13	
initiation, SCR expression was localized to the cambial region, while shoots incapable of 14	
root formation had a more diffuse pattern of SCR expression (Vielba et al. 2011). Across 15	
diverse tree lineages, SCR expression was shown to be highly auxin inducible with 16	
similar expression patterns (Sanchez et al. 2007), demonstrating a conserved genetic 17	
function. Also key to ARD, the SCR/SHR complex has been shown to activate D-type 18	
CYCLIN genes in Populus, an integral step in cellular dedifferentiation (Xu et al. 2016). 19	
It has also been demonstrated that ARD can be controlled indirectly through regulation of 20	
secondary metabolites. AR formation in J. regia microshoots was increased with down 21	
regulation Chalcone synthase (CHS), a key enzyme in flavonoid biosynthesis, (El Euch et 22	
al. 1998; Cheniany et al. 2012). Genes controlling alternative oxidases and nitrate 23	
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reductases have also been demonstrated to impact ARD (Abu-Abied et al. 2012; Macedo 1	
et al. 2012). 2	
 While these studies, in model species, have shown the influence of one or two 3	
genes can have on ARD individually; it is clear root induction, primordia development, 4	
and meristem organization relies on a functionally diverse network of molecular 5	
regulation. The aim of this study was to determine how spatial and temporal gene 6	
expression patterns influence ARD in black walnut cuttings. To better understand AR 7	
regulation, we compared expression profiles for nine genes during the early stages of 8	
ARD using laser capture microdissection (LCM). Although not widely applied to woody 9	
plant tissues, LCM allows for precise targeting and excision of individual cells or groups 10	
for gene expression assays (Emmert-Buck et al. 1996). LCM allows RNA to be isolated 11	
only from cells anatomically shown to give rise to AR, while eliminating background 12	
noise from non-progenitor cells. A high-resolution expression analysis between easy-to- 13	
root juvenile material and hard-to-root mature material, combined with a diverse 14	
candidate gene panel, is expected to elucidate some of the genetic regulatory controls 15	
behind AR recalcitrance in black walnut cuttings. 16	
4.2. Material and Methods 17	
4.2.1. Plant material 18	
Softwood cuttings (mature) were collected from 1-3-year-old grafted black walnut 19	
stock plants grown in the greenhouse. Scion wood was originally collected from the 20	
canopy of mature elite black walnut genotypes at Martel forest (West Lafayette, IN;USA) 21	
in March of 2012 and 2014, and grafted onto wild-type seedling rootstocks following a 22	
modified version of the established protocol of Beineke (1984). Successfully grafted 23	
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plants were overwintered one year in cold storage (3-4°C) prior to being used. Softwood 1	
cuttings (juvenile) were taken from 5-8-week-old seedlings of elite genotypes. Seeds 2	
were collected at Martel forest (West Lafayette, IN; USA) from mature elite black 3	
walnuts. Mature seeds were de-husked, cleaned, and stratified in moist peat moss at 5°C 4	
in the dark for 120 days. Nuts were then germinated and grown in seedling trays (Polyflat 5	
40 cm x 40 cm x 12.7 cm deep; Anderson Die & Mfg Co., Portland, OR) in potting mix 6	
(1:1:1 (v/v/v), peat moss:perlite:vermiculite) under ambient greenhouse conditions (22 ± 7	
2°C). 8	
4.2.2.Tissue collection 9	
Softwood cuttings (15-20 cm in length) were collected from new growth of the 10	
same genotypes for both mature and juvenile material. Leaflets were trimmed to reduce 11	
total leaf area by 25-50%. The basal five cm of the cuttings were dipped for 60 s in 93.2 12	
mM indole-3-butyric acid-potassium salt dissolved in deionized water or deionized water 13	
(control), and then inserted into a moist medium of 3 perlite: 1 coarse vermiculite (v/v). 14	
Cuttings were kept in a bench-top fog chamber for the duration of root formation under 15	
ambient light conditions (1,000-1,200 µmol m2 s-1). To understand spatial and temporal 16	
gene expression changes during ARD, stem segments (3 cm) were collected on day 0, 8, 17	
16, and 18, and day 26 (for mature cuttings only) in the event ARD was delayed, 18	
partitioned into 0.5 cm segments, and immediately frozen in liquid nitrogen and stored at 19	
-80°C. Three biological replicates were taken for each day. 20	
4.2.3. RNA isolation and cDNA synthesis from whole tissue samples 21	
 RNA was extracted from the basal five cm of actively growing roots, and from 22	
fully expanded leaves to act as positive and negative controls, respectively. Tissue was 23	
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collected, immediately frozen in liquid nitrogen, and homogenized in an RNase-free 1	
mortar and pestle. Total RNA was isolated following the recommended protocol for the 2	
Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA; Cat No. 74903), quantified and 3	
purity checked by NanoDrop 2000C (Thermo Fisher Scientific), and quality checked by 4	
agarose gel electrophoresis. RNA was then treated with DNase (Qiagen; Cat No. 79254) 5	
to remove all DNA, and 2-2.5 µg RNA was used as a template for reverse transcription to 6	
generate first-strand cDNA using the SuperScript VILO (Invitrogen, Life Technologies; 7	
Cat No. 11755050). cDNA from roots and leaves was then used for quantitative real-time 8	
polymerase chain reaction (qRT-PCR) analysis.  9	
4.2.4. Laser capture microdissection of black walnut stems 10	
 Flash-frozen, fresh black walnut stem segments were first sectioned (10 µm) 11	
using a cryostat rotary microtome (Leica; model 1950), and then sections were fixed to 12	
RNase-free PEN membrane microscope slides (Leica; Cat No. 11505189) with a 13	
graduated ethanol series up to 100% at which point they came to ambient temperature. 14	
Microdissection was performed with an LMD6000 machine (Leica) using the x10 15	
objective. The operating laser parameters were 45 mW power, aperture 1, and speed 7 ms 16	
to isolate solely cortex, phloem fiber, or phloem parenchyma cells from auxin- or control- 17	
treated stems for all collection days for mature and juvenile cuttings. Microdissected cells 18	
fell directly into the cap of a 0.5 ml RNase-free PCR tube cap filled with 50 µl extraction 19	
buffer (PicoPure RNA isolation kit, Arcturus; Cat No. KIT0204) beneath the microscope 20	
stage. Roughly 250 cells were collected per replicate and each replicate was collected 21	
into an individual tubes. After collection, the tubes were centrifuged at 5,000 x g for 30 s 22	
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to collect the contents at the bottom, and then immediately frozen and stored at -80°C 1	
until RNA isolation. 2	
4.2.5. RNA isolation and cDNA synthesis from microdissected samples 3	
 RNA was isolated following the recommended instructions for a PicoPure RNA 4	
Isolation kit (Arcturus; Cat No. KIT0204) and eluted in 15 µl RNase-free water. The cells 5	
in the three tubes obtained from LCM were pooled after the lysis step and genomic DNA 6	
was removed using an RNase-free DNase kit (Qiagen; Cat No. 79254). The RNA was 7	
then quantified and purity checked using a NanoDrop 2000C (Thermo Fisher Scientific). 8	
 For each sample, 10 µl (1.5-18.6 ng µl-1) of total RNA extracted from 9	
microdissected cells was processed through one round of RNA amplification using the 10	
MessageAmp II aRNA Amplification kit (Ambion, Life Technologies; Cat No. 11	
AM1751). The aRNA synthesis reaction was conducted at 37°C for 14 h. aRNA was then 12	
purified according to the manufacturers instructions, eluted in 200 µl RNase-free water, 13	
and quantified using a NanoDrop 2000C. Microdissected aRNA was then concentrated 14	
using a glycogen precipitation protocol to a final volume of 50 µl (Invitrogen, Life 15	
Technologies; Cat No. 10814010). First strand cDNA was synthesized using the 16	
SuperScript VILO (Invitrogen, Life Technologies; Cat No. 11755050) using 14 µl aRNA 17	
(1-1.5 µg) in a final volume of 20 µl. cDNA was then stored at -20°C. 18	
4.2.6. Primer Design 19	
Primer pairs for the qRT-PCR analysis of adventitious rooting genes in black 20	
walnut and Beta-tubulin for expression normalization, were derived from RNA-seq data 21	
obtained from The Hardwood Genomics Project 22	
(http://www.hardwoodgenomics.org/organism/Juglans/nigra). Candidate genes (Table 4- 23	
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2) were run against a custom BLAST database of the RNA-seq data. Black walnut 1	
sequences that displayed a high level of similarity were selected; a nucleotide BLAST 2	
search was run against the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), 3	
translated to an amino acid sequence using the ExPASy software 4	
(http://web.expasy.org/translate/), and then a protein BLAST search was run against the 5	
NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm the black walnut 6	
sequence represented our candidate gene of interest. Confirmed sequences were then used 7	
to design primers using the Primer3 software V. 0.4.0 (http://bioinfo.ut.ee/primer3- 8	
0.4.0/primer3/).  9	
4.2.7. Quantitative real-time PCR expression analysis 10	
 iTaq Universal SYBR Green Supermix (Bio-Rad; Cat No. 172-5121) was used to 11	
perform the qRT-PCRs with specific primer pairs designed for the nine genes of interest 12	
and one internal control gene (Table 4-1). The reaction conditions were as follows:  95°C 13	
for 3 min followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and 14	
were performed using a CFD-3200 Opticon II Detector (Bio-Rad). Each sample was 15	
examined in two technical replicates, and cycle threshold (Ct) values were calculated 16	
using Opticon Monitor Analysis Software V 1.4. Black walnut beta-tubulin was used for 17	
expression normalization. The fold difference value was found using the formula: fold 18	
difference = 2-ΔΔCt. The delta Ct value was derived by subtracting the average Ct Tubulin 19	
value from the average Ct of the gene of interest. Three separate calculations were run to 20	
analyze fold differences: day 0, matching day control treatment, or juvenile matching day 21	
as the baseline with a value of one. qRT-PCR analysis was performed by ProNovus 22	
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Bioscience LLC, Mountain View, CA. Summary of fold differences provided in 1	
supplemental tables 4-1 to -9. 2	
4.3. Results 3	
4.3.1. Relative expression changes throughout ARD from Day 0 4	
Adventitious root formation in black walnut cuttings was analyzed by recording the 5	
changes in expression of nine genes believed to contribute to ARD in walnut (Table 4-1) 6	
8, 16, and days 18, and 26 days after root induction treatment. RNA was collected from 7	
cortex, phloem fiber, or phloem parenchyma cells within phloem fiber gaps for both 8	
juvenile- and mature- treated stems using LCM (Fig. 4-1 A, B). All nine genes displayed 9	
differential expression patterns throughout the sampling period with respect to auxin, and 10	
tissue type (Fig. 4-2). Chalcone synthase (CHS) saw a decrease in expression of over 11	
50% for both treatments and sample age by day 8 except for mature cortex cells (Fig. 4- 12	
2A). On days 16 and 18, mature samples had a reduction in CHS expression, but by day 13	
26 mature samples had a two-four-fold increase; expression was uniform across all tissue 14	
types and treatments (Fig. 4-2A). Summary of fold differences provided in supplemental 15	
tables 4-1 to -9. 16	
Similar expression patterns in mature samples were evident for the other genes as 17	
well. After auxin application SCARECROW-like (SCL) expression increased by 7, 20, and 18	
20 fold on day 8, 20, 20, and 20 fold on day 16, and 10, 10, and 8 fold on day 18 for 19	
cortex, phloem fiber, and phloem parenchyma cells, respectively (Fig. 4-2B). The 20	
negative control treatments however, had an overall decrease in SCL from day 0 that was 21	
uniform across tissue type. SHORTROOT (SHR) followed a pattern similar to SCL, albeit 22	
the changes were not as drastic (Fig. 4-2C). PIN-FORMED (PIN) 3 and 7 had similar 23	
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fold changes for auxin- and control-treated mature samples. PIN3 and PIN7 both had an 1	
overall decrease across all tissues beginning on day 8 and continuing through day 18, but 2	
then increased back to day 0 levels or slightly higher by day 26 (Fig. 4-2E, F). There was 3	
little change in Cyclin-D1 (CYCD) in all mature samples independent of treatment or 4	
collection day (Fig. 4-2D). There was also limited difference in change in auxin response 5	
factor (ARF) 6, ARF8, and ARF17 across tissue and collection day (Fig. 4-2G, H, I) in 6	
mature samples. 7	
Juvenile cuttings, in contrast, had distinct tissue-specific patterns of expression. 8	
Rooting competent phloem parenchyma cells had a 72-75% reduction in CHS expression 9	
on days 16 and 18 respectively while cortex and phloem fiber had no change or a slight 10	
increase in CHS expression after auxin treatment (Fig. 4-2A). SHR and SCL expression 11	
20- and 4-fold increased in parenchyma cells, respectively, after auxin treatment. There 12	
was no change in SHR and SCL expression compared to day 0 in cortex and phloem fiber 13	
cells on days 16 and 18 (Fig. 4-2 B, C). SHR and SCL expression control shoots increased 14	
on days 8, 16, and 18, but expression changes were not confined to the parenchyma cells. 15	
PIN3 and PIN7 decreased in expression over 2-fold. The change was confined only to the 16	
parenchyma cells of auxin treated juvenile shoots on days 16, and on day 18 for PIN3 17	
only (Fig. 4-2 E, F). Parenchyma cells in auxin-treated juvenile shoots had a 3-fold 18	
increase in CYCD expression on days 16 and 18, but little change was detected in cortex 19	
and fiber cells (Fig. 4-2D). CYCD fold increases were uniform across tissue and day for 20	
water-treated shoots except day 18, when a 5-fold increase in expression was observed in 21	
the cortex (Fig. 4-2D). This is consistent with observed callus formation in juvenile 22	
cuttings. ARF6 and ARF8 showed 1.5-3 fold increase over day 0 in the parenchyma cells 23	
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of auxin-treated stems, but there was little to no change in expression in cortex or fiber 1	
cells (Fig 2 G, H). There was also a 1-2.5 fold increase in control-treated stems but the 2	
change was uniform across tissue. In contrast ARF17 had a 50- and 40% decrease in 3	
parenchyma cells on day 16 and 18, respectively, after auxin treatment, but there was 4	
little change in the cortex or fiber cells (Fig. I). ARF17 had a relative expression increase 5	
in water-treated stems across sampled tissue types except parenchyma cells on day 16 6	
had over a 2-fold decrease. Tissue type and duration after auxin exposure had a clear 7	
effect on relative gene expression on black walnut rooting-related genes. 8	
4.3.2. Auxin influenced gene expression changes during root formation 9	
 To further elucidate the role of auxin and the molecular controls initiating ARD in 10	
black walnut stems, relative expression changes between treatments on each collection 11	
day were analyzed. Mature, auxin-treated stems displayed little deviation in expression 12	
among tissues for all nine genes tested. CHS expression decreased 2 to 4-fold from 13	
control stems on days 8, 16, 18, and 26 (Fig. 4-3A). SCL expression in mature stems 14	
increased significantly over control stems on days 8, 16, and 18, but decreased by day 26 15	
(Fig. 4-3B). SHR expression followed a similar pattern, but the fold differences were less 16	
pronounced (Fig. 4-3C). CYCD expression difference slightly increased in mature stems 17	
for days 8, 16, and 26, while PIN3 and PIN7 decreased 2-4-fold over the same time 18	
period until day 26, when it returned to control levels (Fig. 4-3C, D, E). ARF6 had little 19	
expression difference over the negative control on days 8 and 16, but decreased 2-fold on 20	
day 18 (Fig. 4-3G). ARF8 expression, however, was steady for all collection days but day 21	
16 where it increased 3 to 5-fold (Fig. 4-3H). Auxin had a little effect on ARF17 except 22	
for day 18, when expression increased 4-fold in parenchyma cells (Fig. 4-3I). 23	
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 Auxin induced gene expression changes in juvenile stems were not uniform 1	
among the tissues sampled. CHS increased by 2-fold in cortex and fiber cells, but 2	
decreased by 2-fold in parenchyma cells on day 16, and then by day 18 there was a 3-fold 3	
increase in CHS in cortex and fiber cells and a continued 2-fold decrease in parenchyma 4	
cells (Fig. 4-3A). SCL and SHR had an overall decrease in expression on day eight across 5	
all sampled tissues (Fig. 4-3 B, C). In parenchyma cells, by days 16 and 18, however, 6	
there was a significant increase of SCL, and a slight increase in SHR compared to a 7	
continued decrease in cortex and fiber cells. CYCD had an expression decrease on all 8	
collection days and in all tissues compared to the control-treated stems except for 9	
parenchyma cells on days 16 and 18 (Fig. 4-3D). PIN3 and PIN7 also showed overall 10	
expression decreases for all tissues relative to the negative controls on matching days 11	
(Fig. 4-3 E, F). Exclusive to parenchyma cells, ARF6 and ARF8 had increased 2-fold on 12	
days 16 and 18 compared to negative controls on matching days, while expression in the 13	
cortex and fiber cells decreased (Fig. 4-3 G, H). ARF17 expression was greatly reduced 14	
on day eight, but had minimal change on day 16 for all tissues (Fig. 4-3 I). Exogenous 15	
auxin application influenced expression changes for both mature and juvenile stems 16	
leading to unique patterns among cell types. 17	
4.3.3. Gene expression as a function of explant maturation 18	
An analysis was performed comparing hard-to-root mature cuttings to easy-to- 19	
root juvenile cuttings to understand the role ontogenetic age plays in gene expression 20	
changes in relation to ARD. On collection day 0, mature samples had little relative 21	
expression difference over juvenile samples for all nine genes tested across all sampled 22	
tissues (Fig. 4-4). Both SCL and SHR had uniform relative expression increases for 23	
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auxin-treated stems that peaked at day eight and declined toward baseline levels by day 1	
18 (Fig. 4-4 B, C). Mature control stems, however, showed a decrease in relative 2	
expression of SCL and SHR across all days and sampled tissues. In contrast, auxin-treated 3	
mature stems often showed a 2-fold decrease in CHS expression for days 8, 16, and 18, 4	
while there was a 2-4-fold increase in water-treated stems. There was increased CYCD 5	
expression in auxin-treated stems, while controls showed a decrease in expression 6	
uniformly among tissues across all days (Fig. 4-4 D). PIN3 had little relative changes in 7	
expression for all conditions, while PIN7 relative expression was reduced by as much as 8	
2-fold in auxin-treated stems (Fig. 4-4 E, F). A 2-fold ARF6 increase was recorded in 9	
auxin-treated mature stems relative to juvenile stems on day 16 in all sampled tissues, but 10	
there was little difference in expression for the other days and treatments (Fig. 4-4 G). 11	
ARF8 expression varied little, except in the fiber cells, after auxin treatment on days 8, 12	
16, and 18, where it increased 5-, 3-, and 3-fold, respectively (Fig. 4-4 H). In contrast, 13	
relative ARF17 expression was 2 to 3-fold higher in auxin-treated mature shoots on days 14	
8, 16, and 18 in cortex, fiber, and parenchyma cells than in comparable tissues in juvenile 15	
stems on matching days. Ontogenetic age of the cuttings was directly related to the 16	
relative expression levels of rooting related genes, and in which tissues they were 17	
expressed. 18	
4.4. Discussion 19	
 The changes in cell fate that are required for AR formation necessitate extensive 20	
transcriptional reprograming. Although AR typically arise from a small number of 21	
founder cells, past studies examining molecular controls of ARD have analyzed gene 22	
expression changes in whole tissue samples (Sorin et al. 2005; Sanchez et al. 2007; 23	
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Gutierrez et al. 2009; Cui et al. 2011; Vielba et al. 2011; Gutierrez et al. 2012; Rigal et al. 1	
2012; You et al. 2013). Such approaches risk non-root progenitor cells masking or 2	
diluting important molecular checkpoints. By using LCM in this study we described with 3	
high spatial resolution the transcriptional events that occurred during black walnut root 4	
organogenesis. LCM has been found to be effective to gain a greater understanding of 5	
transcriptomic regulation of complex developmental processes such as disease response 6	
(Lenzi et al. 2016) and terpenoid synthesis (Abbot et al. 2010). LCM, however, does have 7	
its shortcomings it often requires species-specific fixation protocols (Nelson et al. 2006). 8	
Although samples may be fixed and embedded in paraffin, we found this step 9	
unnecessary, fresh samples that were flash-frozen and cut with a cryostat yielded 10	
adequate quantities of high-quality RNA. This approach risks cellular damage from ice 11	
crystals, limiting visualization of anatomical structures (Kerk et al. 2003; Balestrini and 12	
Bonfante 2008), but this did not prove to be an issue with black walnut stem sections. 13	
 Transcriptional modulation in microdissected cortex, phloem fiber, or phloem 14	
parenchyma cells was examined for nine black walnut genes known to participate in 15	
ARD (Table 4-2; Fig. 4-5). The expression patterns of two meristem organizational 16	
transcription factors, SCL and SHR, one gene related to secondary metabolite synthesis, 17	
CHS, one gene associated with cell cycle initiation, CYCD, two auxin efflux carriers, 18	
PIN3 and PIN7, and three auxin responsive transcription factors, ARF6, ARF8, and 19	
ARF17 were characterized. Reduction in CHS expression has been shown to increase 20	
adventitious rooting in Juglans regia (El Euch et al. 1998; Cheniany et al. 2012). A 21	
similar effect was noted in black walnut. In juvenile cuttings, root founder cells (phloem 22	
parenchyma) treated with auxin showed a 4-fold decrease in CHS compared to day 0, 23	
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while non-participatory cells had no change in expression. This decrease was concurrent 1	
with the first known observations of root initials and primordia (days 16 and 18). Non- 2	
rooting mature cuttings that were treated with auxin also showed a decrease in CHS 3	
expression for days 16 and 18, but it was not tissue specific. These results indicate the 4	
importance of a localized reduction in flavanoid biosynthesis, induced by exogenous 5	
auxin application, to ARD. 6	
 Flavonoids are also important for their ability to interact with phytohormones. 7	
Specifically flavonoids can interact with and modify auxin efflux influencing ARD (Peer 8	
and Murphy 2007; Guan et al. 2015). Interestingly, however, we found little evidence 9	
that there was a relation at the gene expression level between CHS and PIN3 and PIN7. 10	
PIN levels were reduced to the same degree as CHS in juvenile auxin-treated parenchyma 11	
cells on days 16 and 18. It was possible that the decrease in PIN expression was 12	
influenced by collection day, and PIN3 and PIN7 were not necessary until later in root 13	
formation. Also, the PIN protein family is large (Křeček et al. 2009), and these two PIN 14	
genes could not be directly involved in ARD in black walnut. CYCD expression patterns 15	
support previous work with rooting in black walnut that showed water-treated cuttings 16	
were capable of undergoing cellular dedifferentiation, but the resulting proliferation was 17	
undirected, leading to callus formation. Juvenile water-treated cuttings had a 5-fold 18	
increase in CYCD expression in cortex cells for all collections days, while auxin-treated 19	
cuttings showed an expression increase only in parenchyma cells. 20	
 Concomitant to CYCD increases in auxin-treated juvenile parenchyma cells, there 21	
was also a relative expression increase of SCL and SHR. These two genes are well-known 22	
to interact with one another to direct root meristem maintenance and cell identity (Cui et 23	
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al. 2011), while also promoting expression of CYCD (Sozzani et al. 2010; Xu et al. 2016). 1	
The role of SCL/SHR in AR formation has been demonstrated in diverse tree lineages 2	
including Populus (Xuan et al. 2014), Pinus (Sanchez et al. 2007), and Castanea 3	
(Sanchez et al. 2007; Vielba et al. 2011). Untreated juvenile shoots showed an increase in 4	
SHR and SCL, but it was not confined to the parenchyma. This indicates auxin was 5	
necessary to confine SCL/SHR, and CYCD upregulation to rooting-competent cells. 6	
Auxin-treated mature shoots showed an increase in SHR and SCL expression, but again it 7	
was a diffuse signal across all sampled tissues, similar to reports by in Castanea (Vielba 8	
et al. 2011). Auxin application and an increase in SHR/SCL and CYCD expression were 9	
not sufficient to promote ARD in black walnut, however. 10	
 The transcription factors ARF6, ARF8, and ARF17 influence ARD through 11	
modulation of jasmonic acid homeostasis (Gutierrez et al. 2012). These three ARFs act as 12	
a complex network with overlapping expression profiles. In Arabidopsis, ARF6 and 13	
ARF8 promote ARD, while ARF17 inhibited development (Gutierrez et al. 2009). Our 14	
results indicate these genes have a similar function in controlling ARD in black walnut. 15	
In parenchyma cells only ARF6 and ARF8 increased beginning at day eight and 16	
continuing until day 18 when root primordia were first visible. Also, ARF17 expression 17	
decreased concomitant with the increase in ARF6 and ARF8 expression. Auxin was 18	
necessary for these localized expression changes as water-treated cuttings had no 19	
differentiation among tissue type in regard to relative expression differences. Again, 20	
mature stems had uniform expression patterns independent of collection day, treatment, 21	
or tissue sampled. These findings support previous work that the recalcitrance of black 22	
walnut to ARD was a result of the failure of rooting competent cells to perceive to 23	
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molecular signals initiated by auxin. LCM allowed site-specific transcriptional analysis 1	
of AR formation genes, and microdissected cells displayed unique expression patterns. 2	
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Table 4-1. Primer sequences used for quantitative real-time polymerase chain reaction (qRT-PCR) expression analysis. 1	
aBlack walnut sequence ID in the RNA-seq database of the Hardwood Genomics project 2	
(http://www.hardwoodgenomics.org/organism/Juglans/nigra). 3	
bForward (For) and Reverse (Rev) primer pairs 4	
Gene 
abbreviation Gene name Black walnut gene
a Primer sequenceb 
ARF6 Auxin response factor 6 Juglans_nigra_120313_comp34183_c0_seq1 
For: ATGCACATCGGACTCCTAGC 
Rev: CGCATCCCAACTGATACACG 
ARF8 Auxin response factor 8 Juglans_nigra_120313_comp35071_c0_seq2 
For: ATCCGGGCTTCTACTCCCTA 
Rev: CACTCCGCAACAACTCAGAA 
ARF17 Auxin response factor 17 Juglans_nigra_120313_comp209493_c0_seq1 
For: TACATTTCCTCCCGCAAAGA 
Rev: CATGCCAGCAGGAAAAGAGT 
CHS Chalcone synthase Juglans_nigra_120313_comp28055_c0_seq1 
For: TTCCTGGGCTCATTTCAAAG 
Rev: CTTCAGCTCCAGCTTCGACT 
CYCD Cyclin-D1 Juglans_nigra_120313_comp34401_c1_seq1 
For: CCGCATAGTAGGTCGGAGAA 
Rev: CACACACACGCACAGTTACA 
PIN3 PIN-FORMED 3 Juglans_nigra_120313_comp32277_c0_seq4 
For: ACGTCACGGTGAGGAAGTCT 
Rev: CGGCGTTGTTAAAATTCGAT 
PIN7 PIN-FORMED 7 Juglans_nigra_120313_comp32276_c0_seq9 
For: GCTGAGCTCCACCCAAAATA 
Rev: AGGGACCAAACGAGACCAAT 
SCL SCARECROW-like Juglans_nigra_120313_comp66749_c0_seq1 
For: TTCACGAGCTCTTGGTTCAA 
Rev: ATGGGAGGGAGGCTATGAAT 
SHR SHORTROOT Juglans_nigra_120313_comp96649_c0_seq1 
For: GAATGGAAAAGTTCGCTAGGC 
Rev: CAATGGGTGTGATTGAATGC 
TUB Beta-tubulin Juglans_nigra_120313_comp32560_c0_seq2 For: CCGTGGGAAAGGAATTAGGT Rev: GGCGATTTGAACCATCTCAT 
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Table 4-2. Summary of the nine studied gene’s role in adventitious root development. 1	











-ARF6 and ARF8 promote 
ARD, regulated by ARF17 
(ARF6 only), miR167 
-ARF6 promotes miR167 
and 160, ARF8 and ARF17 
-ARF17 inhibits ARD, 






















localized to cambial region 
in rootable shoots, diffuse 
signal in non-rootable 
shoots 
-Both SCL1 genes are auxin 
inducible in rooting 
competent cuttings 
-Early formation of root 
initials are determined the 
first 24h prior to root 
primordia organization 
(Sanchez et al. 











-Mutant SHR plants have 
abnormal stele patterning 
-Proper SHR function is 
needed to diminish 
cytokinin levels in xylem, 
this promotes vascular 
differentiation independent 
of SCR 





Key enzyme in 
flavonoid 
biosynthesis 
Juglans regia -Decrease in flavonoids lead to an increase in ARD 
(El Euch et al. 
1998; 





Auxin Efflux Oryza sativa -Generation of local auxin maxima  
(Xu et al. 
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Figure 4-1. Cross-section (10 µm) of a juvenile black walnut stem (Juglans nigra) 16 2	
days after treatment with 93.3 mM indole-3-butyric acid-potassium salt. A) Cross-section 3	
prior to microdissection displaying normal stem anatomy, B) Cross-section after 4	
microdissection in which phloem parenchyma cells had been removed by LCM. Co, 5	









igure 4-2. qRT-PCR relative fold difference between sample collection days over day 0 for nine known adventitious rooting related genes. Change in circle size 2	
from a baseline value of one represent a relative decrease or increase in fold difference for each gene studied. A) Chalcone synthase, B) SCARECROW-like, C) 3	
SHORTROOT, D) Cyclin-D1, E) PIN-FORMED 3, F) PIN-FORMED 7, G) Auxin response factor 6, H) Auxin response factor 8, I) Auxin response factor 17. (+) 4	





Figure 4-3. qRT-PCR relative fold difference between auxin-treated samples over matching day water-treated for nine known adventitious rooting related genes. 2	
Change in circle size from a baseline value of one represent a relative decrease or increase in fold difference for each gene studied. A) Chalcone synthase, B) 3	
SCARECROW-like, C) SHORTROOT, D) Cyclin-D1, E) PIN-FORMED 3, F) PIN-FORMED 7, G) Auxin response factor 6, H) Auxin response factor 8, I) Auxin 4	




Figure 4-4. q-RT-PCR relative fold difference between non-rooting mature samples over rooting-competent juvenile samples for nine known adventitious rooting 2	
related genes. Change in circle size from a baseline value of one represent a relative decrease or increase in fold difference for each gene studied. A) Chalcone 3	
synthase, B) SCARECROW-like, C) SHORTROOT, D) Cyclin-D1, E) PIN-FORMED 3, F) PIN-FORMED 7, G) Auxin response factor 6, H) Auxin response 4	
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APPENDIX A. SUPPLEMENTAL TABLES 
 
 

















Juvenile 8 Days 0.28 0.77  
 8 Days 0.46 1.29  
 8 Days 0.87 2.43  
     
 16 Days 1.05 1.80  
 16 Days 0.88 1.51  
 16 Days 0.28 0.49  
     
 18 Days 1.35 2.84  
 18 Days 1.50 3.16  
 18 Days 0.25 0.52  
     
 Neg 8 Days 0.35   
 Neg 8 Days 0.37   
     
 Neg 16 Days 1.99   
 Neg 16 Days 0.17   
     
 Neg 18 Days 0.16   
 Neg 18 Days 1.48   
 Neg 18 Days 0.45   
     
Mature 0 Days   0.67 
 0 Days   1.55 
 0 Days   1.22 
     
 8 Days 1.19 1.07 2.68 
 8 Days 0.40 0.36 0.90 
 8 Days 0.31 0.28 0.69 
     
 16 Days 0.32 0.23 0.54 
 16 Days 0.31 0.22 0.53 
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Supplemental table 4-1 continued  
 16 Days 0.34 0.24 0.57 
     
 18 Days 0.42 0.41 0.58 
 18 Days 0.44 0.43 0.60 
 18 Days 0.57 0.55 0.77 
     
 26 Days 1.38 0.33  
 26 Days 1.37 0.33  
 26 Days 2.51 0.60  
     
 Neg 8 Days 0.88  2.67 
 Neg 8 Days 1.35  4.07 
 Neg 8 Days 1.14  3.45 
     
 Neg 16 Days 1.43  2.66 
 Neg 16 Days 1.46  2.72 
 Neg 16 Days 1.30  2.43 
     
 Neg 18 Days 1.10  2.50 
 Neg 18 Days 1.27  2.89 
 Neg 18 Days 0.78  1.78 
     
 Neg 26 Days 4.23   
 Neg 26 Days 3.88   
 Neg 26 Days 4.38   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 0.30 0.33 0.33 































Juvenile 8 Days 0.71 0.01  
 8 Days 0.78 0.01  
 8 Days 1.08 0.02  
     
 16 Days 0.73 0.19  
 16 Days 1.06 0.27  
 16 Days 24.07 6.10  
     
 18 Days 1.00 0.21  
 18 Days 0.98 0.21  
 18 Days 22.94 4.90  
     
 Neg 8 Days 60.39   
 Neg 8 Days 50.75   
     
 Neg 16 Days 0.79   
 Neg 16 Days 19.65   
     
 Neg 18 Days 15.82   
 Neg 18 Days 0.59   
 Neg 18 Days 11.11   
     
Mature 0 Days   0.82 
 0 Days   1.06 
 0 Days   1.00 
     
 8 Days 7.49 13.62 8.54 
 8 Days 22.07 40.11 25.16 
 8 Days 20.92 38.02 23.85 
     
 16 Days 17.40 18.20 6.27 
 16 Days 17.13 17.92 6.17 
 16 Days 21.12 22.10 7.61 
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Supplemental table 4-2 continued  
 18 Days 9.01 14.65 3.05 
 18 Days 9.04 14.69 3.06 
 18 Days 7.66 12.45 2.59 
     
 26 Days 0.94 0.38  
 26 Days 0.89 0.36  
 26 Days 0.58 0.23  
     
 Neg 8 Days 0.56  0.01 
 Neg 8 Days 0.43  0.01 
 Neg 8 Days 0.69  0.01 
     
 Neg 16 Days 0.93  0.22 
 Neg 16 Days 1.07  0.26 
 Neg 16 Days 0.88  0.21 
     
 Neg 18 Days 0.56  0.11 
 Neg 18 Days 0.59  0.12 
 Neg 18 Days 0.70  0.14 
     
 Neg 26 Days 2.83   
 Neg 26 Days 3.47   
 Neg 26 Days 1.57   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 13.75 13.15 13.15 


































Juvenile 8 Days 0.62 0.07  
 8 Days 0.91 0.11  
 8 Days 1.11 0.11  
     
 16 Days 1.12 0.44  
 16 Days 0.96 0.37  
 16 Days 3.89 1.51  
     
 18 Days 1.35 0.40  
 18 Days 1.22 0.36  
 18 Days 4.17 1.23  
     
 Neg 8 Days 8.96   
 Neg 8 Days 8.17   
     
 Neg 16 Days 1.11   
 Neg 16 Days 5.98   
     
 Neg 18 Days 5.30   
 Neg 18 Days 1.54   
 Neg 18 Days 4.75   
     
Mature 0 Days   1.39 
 0 Days   1.93 
 0 Days   1.65 
     
 8 Days 1.64 2.06 2.81 
 8 Days 2.77 3.48 4.76 
 8 Days 3.16 3.98 5.43 
     
 16 Days 3.31 4.97 2.87 
 16 Days 3.70 5.55 3.20 
 16 Days 3.27 4.90 2.83 




Supplemental table 4-3 continued 
 18 Days 2.17 2.80 1.59 
 18 Days 2.22 2.85 1.63 
 18 Days 2.29 2.94 1.68 
     
 26 Days 0.99 0.66  
 26 Days 1.04 0.69  
 26 Days 1.04 0.69  
     
 Neg 8 Days 0.69  0.11 
 Neg 8 Days 0.63  0.10 
 Neg 8 Days 1.16  0.19 
     
 Neg 16 Days 0.24  0.13 
 Neg 16 Days 0.91  0.49 
 Neg 16 Days 1.36  0.74 
     
 Neg 18 Days 0.99  0.41 
 Neg 18 Days 0.94  0.39 
 Neg 18 Days 0.51  0.21 
     
 Neg 26 Days 1.23   
 Neg 26 Days 2.66   
 Neg 26 Days 1.04   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 4.90 6.83 6.83 


































Juvenile 8 Days 0.88 0.16  
 8 Days 0.44 0.08  
 8 Days 0.67 0.12  
     
 16 Days 0.71 0.23  
 16 Days 1.13 0.37  
 16 Days 3.16 1.04  
     
 18 Days 1.04 0.39  
 18 Days 1.24 0.47  
 18 Days 3.11 1.18  
     
 Neg 8 Days 5.07   
 Neg 8 Days 5.78   
     
 Neg 16 Days 1.68   
 Neg 16 Days 5.51   
     
 Neg 18 Days 4.99   
 Neg 18 Days 1.37   
 Neg 18 Days 2.71   
     
Mature 0 Days   0.81 
 0 Days   1.69 
 0 Days   1.36 
     
 8 Days 1.58 1.50 3.04 
 8 Days 2.61 2.47 5.01 
 8 Days 1.95 1.84 3.74 
     
 16 Days 1.68 1.34 1.51 
 16 Days 2.31 1.84 2.08 
 16 Days 2.46 1.96 2.22 




Supplemental table 4-4 continued 
 18 Days 2.02 1.82 1.56 
 18 Days 1.59 1.44 1.23 
 18 Days 1.99 1.80 1.54 
     
 26 Days 1.69 0.81  
 26 Days 1.52 0.73  
 26 Days 2.20 1.05  
     
 Neg 8 Days 0.91  0.21 
 Neg 8 Days 0.99  0.22 
 Neg 8 Days 1.32  0.30 
     
 Neg 16 Days 1.76  0.71 
 Neg 16 Days 1.04  0.42 
 Neg 16 Days 1.09  0.44 
     
 Neg 18 Days 1.06  0.49 
 Neg 18 Days 1.24  0.58 
 Neg 18 Days 1.03  0.48 
     
 Neg 26 Days 2.61   
 Neg 26 Days 2.84   
 Neg 26 Days 1.23   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 18.20 22.32 22.32 


































Juvenile 8 Days 0.40 0.71  
 8 Days 0.27 0.47  
 8 Days 1.00 1.76  
     
 16 Days 1.12 0.70  
 16 Days 1.02 0.63  
 16 Days 0.36 0.22  
     
 18 Days 0.69 0.63  
 18 Days 1.02 0.94  
 18 Days 0.37 0.34  
     
 Neg 8 Days 0.45   
 Neg 8 Days 0.71   
     
 Neg 16 Days 2.12   
 Neg 16 Days 1.21   
     
 Neg 18 Days 1.13   
 Neg 18 Days 1.78   
 Neg 18 Days 0.64   
     
Mature 0 Days   1.01 
 0 Days   1.37 
 0 Days   1.12 
     
 8 Days 0.41 0.37 1.00 
 8 Days 0.35 0.32 0.85 
 8 Days 0.44 0.40 1.08 
     
 16 Days 0.41 0.36 0.63 
 16 Days 0.46 0.42 0.73 
 16 Days 0.43 0.39 0.68 




Supplemental table 4-5 continued 
 18 Days 0.90 0.84 1.64 
 18 Days 0.93 0.87 1.68 
 18 Days 0.80 0.75 1.45 
     
 26 Days 1.98 1.59  
 26 Days 2.19 1.76  
 26 Days 1.74 1.40  
     
 Neg 8 Days 1.08  2.19 
 Neg 8 Days 1.19  2.43 
 Neg 8 Days 1.05  2.13 
     
 Neg 16 Days 1.17  0.85 
 Neg 16 Days 1.17  0.85 
 Neg 16 Days 1.00  0.72 
     
 Neg 18 Days 1.19  1.26 
 Neg 18 Days 1.48  1.57 
 Neg 18 Days 0.70  0.74 
     
 Neg 26 Days 1.85   
 Neg 26 Days 1.54   
 Neg 26 Days 0.67   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 6.16 7.12 7.12 


































Juvenile 8 Days 0.72 0.62  
 8 Days 1.11 0.97  
 8 Days 1.47 1.29  
     
 16 Days 0.93 0.56  
 16 Days 1.57 0.94  
 16 Days 0.48 0.29  
     
 18 Days 1.01 0.56  
 18 Days 1.07 0.59  
 18 Days 0.90 0.50  
     
 Neg 8 Days 1.13   
 Neg 8 Days 1.16   
     
 Neg 16 Days 2.17   
 Neg 16 Days 1.29   
     
 Neg 18 Days 2.59   
 Neg 18 Days 2.40   
 Neg 18 Days 0.94   
     
Mature 0 Days   0.75 
 0 Days   1.48 
 0 Days   2.31 
     
 8 Days 0.70 1.01 0.92 
 8 Days 0.24 0.35 0.32 
 8 Days 0.34 0.48 0.44 
     
 16 Days 0.27 0.16 0.42 
 16 Days 0.38 0.23 0.59 
 16 Days 0.30 0.18 0.46 




Supplemental table 4-6 continued 
 18 Days 0.39 0.29 0.54 
 18 Days 0.28 0.21 0.39 
 18 Days 0.45 0.34 0.62 
     
 26 Days 1.36 1.75  
 26 Days 1.76 2.26  
 26 Days 0.92 1.19  
     
 Neg 8 Days 0.78  0.93 
 Neg 8 Days 0.64  0.77 
 Neg 8 Days 0.67  0.81 
     
 Neg 16 Days 1.75  1.44 
 Neg 16 Days 1.41  1.15 
 Neg 16 Days 1.83  1.50 
     
 Neg 18 Days 1.29  0.98 
 Neg 18 Days 1.59  1.21 
 Neg 18 Days 1.17  0.89 
     
 Neg 26 Days 1.43   
 Neg 26 Days 0.68   
 Neg 26 Days 0.48   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 18.08 24.75 24.75 


































Juvenile 8 Days 1.19 0.60  
 8 Days 0.81 0.41  
 8 Days 1.44 0.72  
 16 Days 0.93 0.75  
 16 Days 0.89 0.72  
 16 Days 1.41 1.14  
 18 Days 1.00 0.81  
 18 Days 1.19 0.97  
 18 Days 2.18 1.77  
 Neg 8 Days 2.33   
 Neg 8 Days 1.70   
     
 Neg 16 Days 1.02   
 Neg 16 Days 1.48   
     
 Neg 18 Days 1.30   
 Neg 18 Days 1.40   
 Neg 18 Days 1.02   
Mature 0 Days   0.68 
 0 Days   1.01 
 0 Days   0.97 
 8 Days 1.39 1.17 1.09 
 8 Days 2.07 1.74 1.62 
 8 Days 1.94 1.64 1.53 
 16 Days 2.46 1.60 2.05 
 16 Days 2.02 1.32 1.68 
 16 Days 2.81 1.83 2.34 
 18 Days 1.21 0.68 0.77 
 18 Days 0.97 0.54 0.62 
 18 Days 1.11 0.62 0.71 
 26 Days None None  
 26 Days 1.14 0.60  
 26 Days 2.81 1.47  




Supplemental table 4-7 continued 
 Neg 8 Days 1.49  0.66 
 Neg 8 Days 1.13  0.50 
 Neg 16 Days 1.67  1.19 
 Neg 16 Days 1.42  1.01 
 Neg 16 Days 1.53  1.09 
 Neg 18 Days 1.67  1.19 
 Neg 18 Days 1.43  1.02 
 Neg 18 Days 2.39  1.70 
 Neg 26 Days 1.06   
 Neg 26 Days 2.70   
 Neg 26 Days 2.45   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 10.23 8.96 8.96 
















































Juvenile 8 Days 1.23 0.51  
 8 Days 0.69 0.29  
 8 Days 1.29 0.54  
 16 Days 1.20 0.78  
 16 Days 1.79 1.16  
 16 Days 2.81 1.82  
 18 Days 0.84 0.47  
 18 Days 1.30 0.72  
 18 Days 2.94 1.63  
 Neg 8 Days 2.63   
 Neg 8 Days 2.20   
 Neg 16 Days 1.67   
 Neg 16 Days 1.43   
 Neg 18 Days 1.41   
 Neg 18 Days 1.60   
 Neg 18 Days 2.59   
Mature 0 Days   0.79 
 0 Days   1.80 
 0 Days   1.52 
 8 Days 1.32 0.77 1.66 
 8 Days 4.15 2.40 5.21 
 8 Days 2.33 1.35 2.93 
 16 Days 2.23 3.11 1.59 
 16 Days 4.00 5.58 2.85 
 16 Days 2.62 3.66 1.87 
 18 Days 2.13 1.52 1.87 
 18 Days 2.93 2.09 2.58 
 18 Days 2.15 1.53 1.89 
 26 Days 1.15 1.36  
 26 Days 1.41 1.67  
 26 Days 0.98 1.16  
 Neg 8 Days 1.58  0.85 
 Neg 8 Days 1.27  0.69 




Supplemental table 4-8 continued 
 Neg 16 Days 0.41  0.34 
 Neg 16 Days 0.86  0.72 
 Neg 16 Days 1.05  0.88 
 Neg 18 Days 1.25  0.90 
 Neg 18 Days 1.32  0.95 
 Neg 18 Days 1.68  1.21 
 Neg 26 Days 1.34   
 Neg 26 Days 0.78   
 Neg 26 Days 0.58   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control 6.79 8.80 8.80 



















































Juvenile 8 Days 0.79 0.29  
 8 Days 0.42 0.15  
 8 Days 1.10 0.40  
     
 16 Days 0.88 1.48  
 16 Days 1.27 2.14  
 16 Days 0.46 0.78  
     
 18 Days 1.02 none  
 18 Days 1.22 none  
 18 Days 0.63 none  
     
 Neg 8 Days 6.91   
 Neg 8 Days 1.11   
     
 Neg 16 Days 1.23   
 Neg 16 Days 0.29   
     
 Neg 18 Days none   
 Neg 18 Days 2.37   
 Neg 18 Days 3.06   
     
Mature 0 Days   1.13 
 0 Days   1.92 
 0 Days   1.11 
     
 8 Days 1.09 1.07 2.04 
 8 Days 1.51 1.48 2.82 
 8 Days 1.09 1.07 2.04 
     
 16 Days 0.92 0.76 1.54 
 16 Days 1.17 0.96 1.95 
 16 Days 1.41 1.16 2.36 




Supplemental table 4-9 continued 
 18 Days 1.27 1.93 1.85 
 18 Days 1.51 2.30 2.20 
 18 Days 2.41 3.67 3.50 
     
 26 Days 0.84 0.37  
 26 Days 0.83 0.37  
 26 Days 0.94 0.41  
     
 Neg 8 Days 1.10  0.53 
 Neg 8 Days 0.59  0.28 
 Neg 8 Days 1.65  0.80 
     
 Neg 16 Days 3.56  8.01 
 Neg 16 Days 0.73  1.65 
 Neg 16 Days 0.69  1.55 
     
 Neg 18 Days 0.60  none 
 Neg 18 Days 0.73  none 
 Neg 18 Days 0.65  none 
     
 Neg 26 Days 7.20   
 Neg 26 Days 1.91   
 Neg 26 Days 0.87   
  Cortex Phloem fiber 
Phloem 
parenchyma 
Controls Pos Control none none none 
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seed stratification, germination tests, and using the model genus poplar 
(Populus spp.) to study adventitious root formation. Also assisted with 
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 graduate level ornamental crop improvement studies at the horticulture 
research farm. 
  
 Yew Dell Gardens, Crestwood Kentucky (May 2008- Aug 2008) 
 Summer Intern 
Maintained the grounds, assisted visitors, and propagated plants both 
vegetatively and through seed. 
Collected plant material from local parks for vegetative propagation. 
 
RESEARCH PUBLICATIONS 
Stevens, M.E. and Pijut, P.M. Liquid culture and meta-topolin significantly 
improves in vitro shoot multiplication of the recalcitrant species Juglans nigra. (In 
Preparation) 
 
Stevens, M.E. and Pijut, P.M. Origin of adventitious roots in black walnut (Juglans 
nigra) softwood cuttings rooted under optimized conditions in a fog chamber. (In 
Preparation) 
 
Stevens, M.E. and Pijut, P.M. Gene expression changes during adventitious root 
formation in black walnut (Juglans nigra) softwood cuttings. (In Preparation) 
Stevens,	M.E.	and	Pijut,	P.M.	2016.	Adventitious	root	formation	in	Juglans	
nigra:	A	time	and	place	for	everything.	International	Plant	Propagators’	Society	Combined	Proceedings	(In	Press).			
Stevens, M.E. and Pijut, P.M. 2014. Agrobacterium-mediated genetic 
transformation and plant regeneration of the hardwood tree species Fraxinus 
profunda. Plant Cell Reports 33:861-870. 
 
 Stevens, M.E. and Pijut, P. M. 2012. Hypocotyl derived in vitro regeneration of 
pumpkin ash (Fraxinus profunda). Plant Cell Tissue and Organ Culture 108:129-
135. 
 Pijut, P.M., Beasley, R.R., Lawson, S.S, Palla, K.J., Stevens, M.E., and Wang, Y. 
2012. In vitro propagation of tropical hardwood tree species- A review (2000-
2011). Propagation of Ornamental Plants 12:25-51. 
 Stevens, M.E., S.T. Kester, and R.L. Geneve. 2009. Adventitious root formation in 
poplar (Populus) internodal stem cuttings grown in vitro. International Plant 
Propagators’ Society Combined Proceedings 59:529-532. 
INVITED RESEARCH PRESENTATIONS 
 Stevens, M.E. and Pijut, P.M. 2015. Black walnut clonal propagation: 
advancements and new insights. Hardwood Tree Improvement and Regeneration 




 Stevens, M.E. and Pijut, P.M. 2013. Factors influencing root organogenesis and 
propagation of black walnut (Juglans nigra). Research presentation and lab tour 
given to visiting scientists from Yunnan Academy of Forestry, Yunnan, China and 




Stevens, M.E. and Pijut, P.M. 2016. Meta-topolin combined with liquid culture 
improves micropropagation of the recalcitrant species black walnut (Juglans nigra). 
In Vitro Cellular and Developmental Biology-Plant P-2040 (Abstract In Press). San 
Diego, CA (Poster)  
  
 Stevens, M.E., and Pijut, P.M. 2015. Adventitious root formation in Juglans nigra:  
 A time and place for everything. International Plant Propagators’ Society, 
Cincinnati, OH. (Poster)  
  
 Stevens, M.E., and Pijut, P.M. 2015. Rooting of black walnut (Juglans nigra) 
softwood cuttings using a fog chamber. Indiana Academy of Sciences, Indianapolis, 
IN. (Poster) 
  
 Stevens, M.E., and Pijut, P.M. 2014. Improved adventitious rooting in black walnut 
(Juglans nigra) softwood cuttings and analysis of anatomical changes during root 
formation. IUFRO – Restoring Forests: What constitutes success in the 21st 
century? Lafayette, IN. (Poster) 
  
 Stevens, M.E., and Pijut, P.M. 2014. Benchtop fog chambers improve rooting of 
black walnut (Juglans nigra) softwood cuttings. Book of Abstracts, VII 
International Symposium on Root Development, Weimar, Germany, p. 149. 
(Poster) 
  
 Dean, E.A, Stevens, M.E., and Pijut, P.M. 2014. Development of transgenic North 
American white ash (Fraxinus americana) expressing a Bacillus 
thuringiensis protein for management of the emerald ash borer. The Purdue 
Summer Undergraduate Research Fellowship (SURF) Symposium. (Poster) 
 
Stevens, M.E. and Pijut, P.M. 2013. Rapid in vitro shoot proliferation and 
anatomical investigation of adventitious root formation in black walnut (Juglans 
nigra) microshoots. Book of Abstracts, VII International Walnut Symposium, 
Fenyang City, China, p. 88. (Poster) 
  
 Stevens, M.E., and Pijut, P.M. 2013. Rapid in vitro shoot proliferation from black 





 Stevens, M.E., and Pijut, P.M. 2013. Improved method of black walnut (Juglans 
nigra) in vitro shoot proliferation. Sigma Xi - Purdue University Chapter, West 
Lafayette, IN. (Poster) 
 
Stevens, M.E., and Pijut, P.M. 2012. Agrobacterium-mediated transformation and 
regeneration of pumpkin ash (Fraxinus profunda) hypocotyls. Society for In Vitro 
Biology, Seattle, WA. In Vitro Cellular and Developmental Biology-Plant 48 
(Suppl 1):S39-S40. (Oral) 
Stevens, M.E. and Pijut, P.M. 2012. Genetic transformation of Fraxinus profunda 
hypocotyls and shoot regeneration. Indiana Academy of Sciences-Purdue 
University, West Lafayette, IN. (Poster) 
Stevens, M.E. and Pijut, P.M. 2012. Agrobacterium-mediated transformation and 
regeneration of pumpkin ash (Fraxinus profunda). Sigma Xi - Purdue University 
Chapter, West Lafayette, IN. (Poster) 
Stevens, M.E. and Pijut, P.M. 2011. Adventitious shoot regeneration and rooting of 
Fraxinus profunda. p. 139, IN: Emerald Ash Borer National Research 
and Technology Development Meeting, Ohio Agricultural Research and 
Development Center, The Ohio State University, Wooster, OH; Parra, G., Lance, 
D., Mastro, V., Reardon, R., and Benedict, C. (compilers), FHTET-2011-06. 
(Poster) 
   Stevens, M.E. and Pijut, P.M. 2011. Hypocotyl derived in vitro regeneration of 
pumpkin ash (Fraxinus profunda). Society for In Vitro Biology, Raleigh, NC. In 
Vitro Cellular and Developmental Biology-Plant 47:S65-S66. (Poster) 
 Stevens, M.E. and Pijut, P.M. 2011. Conservation of pumpkin ash (Fraxinus 
profunda) through in vitro tissue culture. American Society of Plant Biologists, 
Midwestern Section Meeting, West Lafayette, IN. (Poster) 
 Stevens, M.E. and Pijut, P.M. 2011. Hypocotyl derived in vitro regeneration of 
pumpkin ash (Fraxinus profunda). Sigma Xi - Purdue University Chapter, West 
Lafayette, IN. (Poster) 
 Stevens, M.E., S.T. Kester, and R.L. Geneve. 2009. Adventitious root formation in 
poplar (Populus) internodal stem cuttings grown in vitro. International Plant 
Propagators’ Society, Biloxi, MS. (Oral) 
EXTENSION ACTIVITIES 
 Stevens, M.E. 2015. Advancements in black walnut propagation. Walnut Council 
Bulletin 42:18-19. (Article) 
Stevens, M.E. 2013. Factors influencing root organogenesis and propagation of 
black walnut (Juglans nigra). Research presentation given to visiting scientists from 
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Yunnan Academy of Forestry, Yunnan, China and Tengchong Forestry Bureau, 
Tengyue Town, Tengchong County, Yunnan, China. West Lafayette, IN. (Oral) 
 Stevens, M.E. 2012. Research goals to identify impediments to adventitious root 
formation in black walnut (Juglans nigra). Hardwood Tree Improvement and 
Regeneration Center, e-Newsletter. (Article) 
Stevens, M.E., Beasley, R.R., Palla, K.J., and Pijut, P.M. 2012. Genetic 
modification of ash (Fraxinus) species as a means to combat the emerald ash borer. 
Hardwood Tree Improvement and Regeneration Center Advisory meeting. West 
Lafayette, IN. (Poster and Oral) 
 Stevens, M.E. 2011. Integral first steps to emerald ash borer resistance and 
conservation of pumpkin ash (Fraxinus profunda). Hardwood Tree Improvement 
and Regeneration Center, e-Newsletter. (Article) 
AWARDS AND HONORS 
 Charles H. Michler Scholarship, for the Outstanding Graduate Student Researcher 
in Forest Biology, Dept. of Forestry and Natural Resources, Purdue University 
(2015) 
  
 Purdue Graduate Student Government Travel Grant, Purdue University ($1,000) 
(2014) 
 
 Purdue Graduate Student Government Travel Grant, Purdue University ($1,000) 
(2013) 
  
 Fred M. van Eck Ph.D. Graduate Assistantship, Purdue University (Aug 2012-
Present) 
  
 Walnut Council Special Projects Grant for Travel ($250) (2013) 
 Induction into Phi Kappa Phi Honor Society, April 2013 
 Second place Society for In Vitro Biology annual meeting student oral research 
competition. Agrobacterium-mediated transformation and regeneration of pumpkin 
ash (Fraxinus profunda). (July 2012) 
 Fred M. van Eck M.S. Graduate Assistantship, Purdue University (Aug 2010-Aug 
2012) 
 Dean’s List University of Kentucky (Dec 2007-May 2010) 
 Second place International Plant Propagators Society’s student research 
competition. Adventitious root formation of poplar internodal cuttings. (Aug 2009) 
Katharine M. Grosscup Scholarship recipient National award presented by the 
Garden Club of America (2009) 
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 Robert, Laverne and Elmira Scott’s Scholarship (2009) 
 James I. Stephens Memorial Scholarship (2009) 
 Finalist, Intern of the Year-University of Kentucky Alumni Association (Aug 2008) 
 Eagle Scout (2005) 
ACTIVITIES 
 Purdue Graduate School Grant Review and Allocation Committee (July 2015-May 2016) 
 Evaluated grants monthly and determined recipients  
 Served on sub-committee to create an improved grading metric for Travel Grants 
  
 Forestry and Natural Resources Department Graduate Student Council Senator (May 
2015-May 2016) 
 Helped to develop activities to improve the academic, social, and professional lives 
of          
 departmental graduate students 
  
 University of Kentucky Horticulture Club President (Sept 2009-May 2010) 
 Help organize fund-raising activities and field trips 
 
PROFESSIONAL AFFILIATIONS 
Phi Kappa Phi Honor Society (Spring 2013-Present) 
International Plant Propagators Society (2013-Present) 
Indiana Academy of Sciences (2012-Present) 
Indiana Walnut Council (May 2011-Present) 
Society for In Vitro Biology (2011-Present) 
Gamma Sigma Delta Agriculture Honor Society (2011-Present) 
Phi Sigma Theta National Honor Society (2009-Present) 
Golden Key Society Member (2008-Present) 
Delta Epsilon Iota Academic Honors Society (2008-Present) 
REFERENCES 
Available upon request 
 
